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EXECUTIVE SUMMARY
Dairy operations in Australia, the U.S., and other industrialised nations, continue to intensify. In general, farm 
numbers are declining, while milk production per cow and the reliance on imported feed, are increasing. Nutrient 
surpluses on many dairy farms are a problem in Australia and the U.S. and pose an increasing threat to the greater 
environment. Nutrient management tools can assist dairy farmers to remain proﬁtable and meet increasing demands 
for improved environmental standards.
While the major nutrient imports onto dairy farms (i.e. fertilizer and feed) and exports (i.e. milk and animals) 
are generally the same for conﬁnement-based and grazing-based dairy operations, within-farm nutrient cycling 
processes may be quite different. In conﬁnement-based dairy operations, farmers generally manage mixed animal 
and cropping operations, and have more control on cow diets, which in turn inﬂuences the quantity and nutrient 
concentration of manure, and the capture, storage and land application of excreted manure. In grazing-based dairy 
operations, farmers manage grazed pastures, and although they purchase feed, they generally have less control of 
dairy cow diets, with feed quality and nutrient content varying throughout the year. Additionally the redistribu-
tion of manure nutrients in the landscape is largely from direct deposition by animals. Manure deposition is often 
uneven, with high nutrient loads in some areas which may pose a high risk of nutrient loss and environmental con-
tamination.
In Australia, the U.S., and internationally, there are many nutrient management tools available to dairy farmers, 
advisors and researchers. Generally, these nutrient management planning tools, either in part or as a whole, attempt 
to quantify nutrient imports and exports at the farm scale, nutrient ﬂows and use efﬁciencies at the component 
scale (i.e. feed, milk, manure land-application, plant uptake) and soil fertility status and nutrient loss at the ﬁeld or 
paddock scale. These tools may vary in terms of their objectives, approaches, and degrees of complexity, and have 
different inputs and data requirements, algorithms used in calculations, and how integrated outcomes are presented 
to the end user.
There is further scope to improve nutrient management tools, so that they not only quantify nutrient balances 
on dairy farms, but also assist in identifying opportunities for enhanced nutrient use within farm components, 
and reduced nutrient losses. Future developments in nutrient management tools should strive to achieve greater 
uniformity in inputs and methodologies, develop more efﬁcient ways to gather on-farm data, assess and present 
uncertainties in estimated nutrient balances and efﬁciencies, develop improved nutrient balance and efﬁciency tar-
gets and interpretation, and link nutrient management recommendations with farm proﬁtability and environmental 
outcomes.Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
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INTRODUCTION
As in many parts of the industrialized world, the 
dairy industries in Australia and the U.S. continue to 
intensify. In both countries, the number of dairy farms 
has declined signiﬁcantly over the past 25 years while 
average farm herd sizes and annual milk production 
per cow have increased. Projected trends are for fewer 
and larger dairy farms with further increases in milk 
production per cow. Future dairy farms will use more 
imported feed and fertilizer, grow more monoculture 
crops, and utilize more marginal soils. 
Dairy operations can contribute signiﬁcant amounts 
of nitrogen (N) and phosphorus (P) to water and air. 
Blue-green algal blooms have become a regular feature 
of water storage and river systems in Australia, and 
agriculture is recognized as a signiﬁcant contributor to 
these increased nutrient loads [11, 88, 46]. The U.S. 
Environmental Protection Agency identiﬁed agricul-
ture as the major source of causative nutrients in 50% 
of the lakes and 60% of the river lengths determined to 
have impaired water quality in the U.S. [125]. Nitro-
gen and P losses from dairy farms in the Midwest are 
thought to be major contributors to the N and P load-
ing of regional and national water bodies, such as the 
Mississippi River and the Gulf of Mexico. 
Environmental risks associated with livestock pro-
duction can be attributed to high stocking rates, inef-
ﬁciencies in nutrient use, and an imbalance between 
on-farm nutrient imports and exports, which may lead 
to the accumulation and loss of nutrients from parts of 
the landscape [129, 109]. Soil nutrient build-up, losses 
and  risks  of  environmental  contamination  increase 
when nutrient imports onto a farm (e.g., in the forms 
of feed, fertilizer, N ﬁxation by legumes) exceed the 
amount of nutrients leaving the farm in products (e.g., 
in the forms of milk, animals, crops, hay). These nutri-
ent surpluses tend to increase as farms intensify and 
stocking rates increase. 
Where N has been land-applied as manure, fertil-
izer or deposited directly by grazing livestock as dung 
and urine, losses of N may occur via nitrate leaching, 
which  pollute  surface  and  ground  water,  ammonia 
(NH3) gas, which upon redeposition causes acidiﬁca-
tion and eutrophication of surface waters, and as potent 
greenhouse gas nitrous oxide (N2O). Excess P on dairy 
farms  can  increase  soil  P  levels  beyond  agronomic 
requirements,  which  increases  the  risks  of  P  losses 
via soil surface runoff or via leaching in sandy soils. 
Efforts  to  reduce  N  and  P  losses  from  dairy  farms 
should include strategies that reduce N and P imports, 
as well as practices that reduce N and P losses [114]. 
These nutrient management challenges are faced not 
only by the Australian and U.S. dairy industries, but 
by animal agriculture in most industrialized countries 
[120]. 
Over  the  past  15  years  or  so,  governments  and 
industries in Australia and the U.S. have invested in 
strategies aimed at improving the environmental per-
formance of livestock farms. Research and develop-
ment efforts have focused on identifying opportunities 
for  enhanced  nutrient  use  within  the  animal-feed-
manure-soil/crop components of livestock farms. Par-
ticular emphasis has been directed towards large-scale 
farms, due to greater nutrient use, manure production, 
and potential for nutrient accumulation and losses. 
The intensiﬁcation of animal agriculture in Australia 
and the U.S. has increased societal pressure on farm-
ing communities to reduce nutrient losses to water and 
air. Livestock producers are increasingly required to 
provide evidence that farm practices are meeting envi-
ronmental standards. Nutrient management tools can 
assist producers to meet both production and environ-
mental goals by identifying opportunities for improv-
ing nutrient use, decreasing on-farm nutrient surplus, 
and accumulation thereby reducing risks of off-farm 
nutrient losses and environmental contamination.
The purpose of this technical paper is to:
•  outline on-going structural changes in the 
Australian and U.S. dairy industries and the 
implications for nutrient use, accumulation, 
losses, and environmental contamination; 
•  describe the major nutrient ﬂow pathways, pools, 
and transformations on conﬁnement and grazing-
based dairy operations; 
•  outline different approaches and scales of on-
farm nutrient management planning; 
•  provide examples of nutrient management 
planning tools and their applications; and
•  suggest changes to nutrient management 
planning tools that enhance their use and beneﬁts 
to dairy producers and the broader environment.Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
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STRUCTURAL CHANGES WITHIN THE AUSTRALIAN AND U.S. DAIRY INDUSTRIES
TABLE 1.   Key statistics and changes in the Australian dairy 
industry, 1980 to 2005.
                   Year    % 
Farm statistics  1980/011  2004/52   Change
National scale
Number of farms  22,000  10,112  –55%
National dairy herd size (M)  1.9   2.1   +10%
Farm scale averages     
Farm milking area (ha)  64.6  113.9  +75%
Milk yield (L/cow/yr)  2,850   5,163   +76%
Stocking rate (cows/ha)  1.33   1.82   +37%
Imported grain/  25.4  210.2  +710% 
concentrates (t/farm)
Silage cut (t/farm)  43.6  171.5  +388%
Hay (t/farm)  66.9  151.5  +125%
Source: 1ABARE, [7], 2ABARE, [6].
FIGURE 1.   Actual (solid line) and projected (dashed line) 










































Signiﬁcant structural changes continue to occur in 
the international dairy industry. In 2006, around 500 
million tons of milk were produced on dairy farms in 
the industrialized world, and while total cow numbers 
have remained fairly constant, milk production per cow 
continues to increase [37]. In general, farm numbers 
are declining while herd size and stocking rates (ani-
mal units/ha) are increasing. Dairy farms are becom-
ing more specialized in parts of the operation, such as 
feeding and growing fodder, and there is greater reli-
ance on purchased inputs such as fertilizer, forage and 
grain, and dietary mineral supplements. These struc-
tural changes have occurred across the continuum of 
lower input grazing-based operations, which dominate 
the Australian dairy industry and higher input conﬁne-
ment-based operations, which dominate the U.S. dairy 
industry.
The Australian Dairy Industry
While Australia  produces  only  about  2%  of  the 
worldʼs annual milk production, it is the third largest 
milk exporter, after Europe and New Zealand, and is 
one of the most efﬁcient milk producers on a cost per 
volume basis [72]. Along with most other dairy pro-
ducing countries, the Australian dairy industry con-
tinues to undergo signiﬁcant change. The number of 
dairy farms has substantially declined over the past 
twenty-ﬁve years (Table 1). There has been a greater 
proportional decline in farm numbers in less favorable 
environments, with a consolidation around irrigation 
and higher rainfall regions. For example, dairy farm 
numbers in Western Australia and Queensland have 
reduced  by  more  than  60%  over  the  past  15  years 
whereas in Victoria, the decline has only been around 
30% [6]. 
As farm numbers have declined in Australia, the 
average dairy herd size has increased from 86 cows 
per farm in 1980 to more than 210 in 2005, totaling 
around 2.1 million cows nationally. Average annual 
production  per  cow  has  increased  from  2,850  L  to 
5,163 L, over the same period, and the national milk 
production in 2005 was around 10 billion L, a slight 
reduction from its historic peak in 2002 (Figure 1). 
Despite the grazing-based nature of the Australian 
dairy industry, a key driver of the increased per cow 
productivity  in  Australia  over  the  past  twenty-ﬁve 
years has been the increase in supplementary feeding 
[31, 6]. In 1980, most dairy farms were totally reliant 
on “home-grown” pasture and conserved forage. In 
2004/05, 91% of all dairy farms used imported con-
centrates or grain, with the average dairy farm feed-
ing supplements at approximately 1.1 ton/cow/year, 
mostly barley or wheat. The other major supplement Babcock Institute Discussion Paper No. 2007-4  5
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brought onto dairy farms in Australia is hay, and this 
is usually fed in equivalent amounts to grain. There is 
considerable variation in the amount and type of diet 
supplementation of lactating dairy cows, with grain 
inputs varying from 0–2.5 tons DM/cow/year and for-
age inputs varying from 0–1.4 ton DM/cow/year.
The U.S. Dairy Industry
The U.S. dairy industry has also been undergoing 
great change over the past twenty years. While the 
number of dairy cows has decline by 25% during this 
period, milk production has continued to increase (Fig-
ure 2). The dramatic increase in milk production per 
cow has been attributed mostly to enhanced genetics 
and associated improvements in animal nutrition, dis-
ease control, reproductive management, and other less 
important factors [22]. This marked trend of increasing 
milk production with fewer cows is likely to continue 
[123]. In 2006, the 9.1 million dairy cows in the U.S. 
produced on average 9,048 kg milk annually per cow. 
Projections for 2016 are 8.5 million cows producing 
10,496 kg milk annually per cow. 
Over  the  past  35–40  years,  the  number  of  dairy 
farms  in  the  U.S.  has  also  decreased  dramatically. 
During the period 1969 to 1992, the number of farms 
decreased by 70% [74]. Between 1991 and 2006, dairy 
farm numbers have fallen from about 181,270 in 1991 
to 75,140 in 2006. It has been forecasted that most 
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increases in milk production over the next decade will 
come from the largest dairy farms. Whereas less than 
ten years ago most milk was produced on dairy farms 
having fewer than 200 cows, today most milk is pro-
duced on farms with greater than 500 cows (Figure 3). 
NUTRIENT MANAGEMENT PRACTICES AND IMPLICATIONS ON DAIRY FARMS
A major goal of agriculture is to transform energy, 
water and nutrients into valuable commodities. Nutri-
ents can be imported onto a dairy farm mainly in the 
form of fertilizer, feed, animals, through the ﬁxation 
of atmospheric N by legumes, and to a lesser extent 
in bedding, irrigation water, or by atmospheric deposi-
tion. Nutrients are generally exported in milk, animals, 
manure, grains, and forage. The major nutrient ﬂows, 
transformations and stores that occur within a dairy 
farm include:
•  the intake of nutrients in feed and use to produce 
milk, increased body mass and calves; 
•  excretion in manure (urine and dung); 
•  the collection and storage of manure; 
•  the managed and unmanaged deposition of 
manure to soils; 
•  the addition of fertilizer and other plant nutrient 
sources to soil; and
•  nutrient uptake by crops and pasture and 
subsequent storage in feed. 
In many areas of intensive livestock production the 
amount of N and P applied to cropland and pastures 
often  exceed  requirements  [59,  115,  45].  Nitrogen 
applications to cropland and pastures (in the forms 
of  fertilizer,  manure,  legume  N,  and  other  organic 
sources), in excess of agronomic requirements, exac-
erbates N losses. Ammonia forms particulates, which 
results in haze, and is redeposited to cause acidiﬁcation 
and eutrophication of surface waters. Nitrate leaching 
can contaminate ground water and increase losses of 
N via denitriﬁcation. While losses of N through deni-
triﬁcation constitutes only a small percentage (2–5%) 
of applied N, N2O contributes signiﬁcantly to global 
warming  and  ozone  depletion.  Long-term  fertilizer 
and manure applications have created P surpluses [15]. 
Excess P has been shown to accumulate in soils on 
dairy farms in Australia and the U.S. [42, 58, 134, 75]. 
Increasing soil test P levels increases the concentration 
of dissolved P in surface runoff while P leaching losses 
may also be important when surface soils become satu-
rated with P [38, 83, 113]. 
Managing Nutrients in Feed
As the N and P content of milk and meat are fairly 
constant, feeding dietary N and P in excess of animal 
requirements increases N and P excretion in dung and 
urine. When fed at recommended levels, only 25–35% 
of the N (crude protein) consumed by dairy cows is 
converted into milk [23]. Feed N not transformed into 
milk is excreted about equally in urine and dung. While 
N in dung is fairly constant at about 8 g/kg of feed 
consumed, the remaining excess N in feed is excreted 
in urine [105]. When fed at higher than recommended 
levels, excess protein is almost exclusively excreted in 
urine, which in turn can be converted rapidly and lost 
as ammonia gas to the atmosphere, or as nitrate, which 
is susceptible to leaching. 
Excess feeding of P to livestock results in greater 
P  concentrations  in  manure.  In  the  U.S.,  inorganic 
dietary P supplements have been relatively inexpen-
sive and have been added to dairy rations in the belief 
that this will increase milk production and conception 
rates in dairy cows [108]. While recommended feed 
P  concentrations  for  dairy  cattle  are  between  0.34–
0.38%, many dairy farmers have been feeding 0.45–
0.50% P in the diet [92]. Not only does excess dietary 
P result in greater P concentration in manure, but as 
the organic P fraction of manure stays fairly constant 
at around 0.6 g/kg of feed consumed, it also increases 
the proportion of water soluble orthophosphate, which 
in turn increases the risk of P losses in surface runoff 
[30, 32, 103, 105]. Excessive dietary P also decreases 
the N:P ratio of manure relative to N:P requirements of 
most crops [103]. This means that when manure from 
cows fed excessive amounts of P is applied to soil in 
amounts to meet a crop N demand (according to U.S. Babcock Institute Discussion Paper No. 2007-4  7
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regulations, this strategy is permissible for ﬁelds hav-
ing medium or low soil test P levels) soil test P would 
increase much more quickly, thereby increasing the 
risk of runoff P, compared to the application of manure 
derived  from  cows  fed  diets  that  provide  adequate 
amounts of P.
The use of total mixed rations and inorganic P sup-
plements is not common on Australian dairy farms, 
and little is known about nutrient intakes and nutrient 
use efﬁciencies in grazing-based systems. It is likely 
that P intake will vary signiﬁcantly between farms and 
seasons, and that excess P in diets is common. For 
example, dairy cows grazing pastures with markedly 
different P contents-ranging from 0.15–0.50% P, had 
corresponding P concentrations in feces ranging from 
0.37–1.27% [2]. 
Manure Collection, Storage and  
Land-Application
There are distinct differences in how manure is col-
lected, stored, and land-applied between grazing-based 
and conﬁnement-based dairy operations. As a result 
of the common practice of year-round grazing, dairy 
manure  in Australia  is  usually  collected  only  from 
concreted areas such as the dairy parlor, holding yards, 
and feed pads. About 80% of Australian dairy farms 
have some sort of efﬂuent management system, but 
the management of collected manure in these ponds is 
generally poor [9]. Efﬂuent ponds are often not regu-
larly emptied, and storage capacity is often too small 
for the efﬂuent loads. Consequently, efﬂuent ponds 
often overﬂow into adjoining paddocks. Even when 
efﬂuent is applied to pastures in a managed way, it is 
often applied to readily accessible areas adjacent to the 
ponds, and rarely is the fertilizer value of the efﬂuent 
taken into account. 
In conﬁnement dairy operations, manure collection, 
storage, and land application practices depend on how 
dairy cattle are housed, and vary with farm size. In the 
U.S., tie-stall barns are most common on conﬁnement 
dairy farms having 100–125 cows or less, and free-
stall barns are common on larger dairy farms [124]. In 
tie-stall barns, cows are conﬁned to a stall, and manure 
is collected in a gutter behind the cows. Moderate to 
large amounts of straw, wood shavings, or crop residue 
are used for bedding. The manure mixed with bedding 
is typically removed with a gutter cleaner twice daily, 
and ﬁeld applied daily or stored for later ﬁeld applica-
tion. Cows may have access to a small exercise lot, or 
may be allowed access to a pasture to graze for part of 
the day. In free-stall barns, cows are under roof and are 
free to move between stalls. Sand or mattresses cov-
ered with a minimum of bedding are generally used in 
free-stalls. Slurry manure is scraped two or three times 
per day from the concrete alleys, and is typically stored 
in an earthen or cement-lined pit that is emptied two or 
more times per year. 
Similar to grazing-based operations, manure on con-
ﬁnement dairy farms may be deposited directly in out-
side cattle holding areas, such as barnyards, exercise 
lots, and feedbunk areas [99]. A recent study of manure 
collection  practices  on  conﬁnement  dairy  farms  in 
Wisconsin found that collection was lower on farms 
that had tie-stall barns (66% of total annual produc-
tion) than on farms that had free-stall housing (89%); 
and lower on farms having small to medium herds than 
on farms having large herds (Table 2). In outside cattle 
holding areas where manure is typically uncollected, 
average annual deposition of manure N ranged from 
116 to 846 kg N/ha, average annual manure P deposi-
tion ranged from 24 to 158 kg P/ha, and soil test P and 
K levels are 20 to 30 times greater than what would be 
considered optimum for crop production.
TABLE 2.   Regional housing type and herd class differences 
in manure collection on dairy farms in the 
Southwest (SW), South-central (SC) and 
Northeast (NE) regions of Wisconsin.
Category  Subcategory  Mean (SD)
Region  SW (18)1  56 (22.9) b2
  SC (18)  72 (21.8) a
  NE (18)  68 (21.5) ab
Housing type  Freestall (13)  89 (16.5) a
  Stanchion (34)  66 (18.9) b
Herd class  <50 cows (20)  57 (12.6) c
  50–99 (24)  76 (18.2) b
  100–199 (6)  95 (5.1) a
  200+ (4)  100 (0) a
1Farm numbers in parentheses. 2Within a sub-category, means fol-
lowed by different letters are signiﬁcantly (P<0.05) different.
Source: Powell [99].Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
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Having  access  to  sufﬁcient  cropland  for  manure 
spreading is a prerequisite for proper manure manage-
ment for conﬁnement dairy operations. The amount 
of  cropland  needed  for  manure  nutrient  recycling 
depends on manure nutrient content, soil type, and the 
nutrient demands of the subsequent crop. What dairy 
cows consume can have a very large impact on manure 
nutrient levels, especially for P, and therefore the land 
requirement  for  effective  manure  management.  For 
example,  on  Wisconsin  dairy  farms,  approximately 
0.7 ha of cropland is needed to recycle the manure P 
excreted by a lactating cow fed a P adequate diet [101. 
102, 103]. Feeding P excessively can almost double 
this land requirement. There is increasing evidence that 
many dairy farmers have adopted practices as part of 
their whole-farm nutrient management plan that feed 
closer to cattle dietary P requirements with the goal of 
decreasing manure nutrient loads and therefore land 
requirements for manure spreading.
Fertilizer Applications
Since the middle part of the twentieth century, fer-
tilizer  use  expanded  greatly  in Australia,  the  U.S., 
Europe, and other parts of the industrialized world. 
Before this period, agricultural production depended 
on the recycling of nutrients from animal manure or 
biological-N ﬁxation by legumes. The widespread use 
of  fertilizers  and  inexpensive  transport  transformed 
agriculture tremendously. Crops could be grown in one 
location,  livestock  produced  in  another,  and  human 
populations could live in remote urban centers [66]. 
When expressed in constant dollars, fertilizer prices 
world-wide have declined by 20% to 50% since 1960. 
Across all of U.S. agriculture, anhydrous ammonia use 
increased about ﬁve-fold and phosphate use increased 
about eight-fold between 1960 and 1970, while slower 
rates of increase occurred in use of potassium (K) and 
urea. Between 1970 and 1990, the use of anhydrous 
ammonia and phosphate declined. The decline in use 
of anhydrous ammonia occurred because of a greater 
availability of urea, lower hazards with handling and 
applying urea, and concerns about use of anhydrous 
ammonia  for  illegal  drug  manufacture. The  decline 
in phosphate application may have been a response to 
increased concern about surface water contamination 
[97].
The most common fertilizer management practice 
on Australian dairy farms generally includes the appli-
cation of superphosphate and potash in a single appli-
cation prior to autumn growth, and it is often applied 
at a single rate over the entire farm. In the past ﬁfteen 
years, N fertilizer use on dairy pastures has increased 
signiﬁcantly [33]. The average N, P and K fertilizer 
applications  for  an Australian  dairy  farm  equate  to 
16, 14, and 15 kg/ha/year respectively [73]. However, 
these average ﬁgures are skewed by large farms in 
more marginal environments, where the total land area 
is not used for intensive grazing and forage production, 
and individual farms will often apply in excess of 100 
kg P, 400 kg N, and 180 kg K/ha/year, respectively.
While no general information is available on fer-
tilizer use by dairy farmers in the U.S., recent infor-
mation  from Wisconsin  suggests  that  dairy  farmers 
integrate the nutrients contained in fertilizers, manure, 
and legumes much more than previously thought, with 
most effectively matching N and P inputs with crop 
requirements [89, 97, 116]. Of the total N applied to 
crops,  40%  was  derived  from  fertilizer,  30%  from 
manure, and 30% from previous legumes, while for P, 
70% came from manure, and 30% from fertilizer.
The efﬁciency of nutrients applied as fertilizer on 
pastures and crops is often low. For instance, in dairy 
pasture systems in Australia, less than 30% of P applied 
as  fertilizer  may  be  utilized  in  the  year  following 
application, with the remainder largely being ﬁxed by 
soil and accumulating in poorly available forms [17]. 
While applied fertilizer N is not generally ﬁxed by 
soils, N losses can be signiﬁcant. Leaching of fertilizer 
N applied in wet and cold soil conditions can lead to 
losses of 20–40% [33, 69]. Ammonia volatilization is 
another important N loss pathway, particularly in moist 
soils with high pH. Volatilization from surfaced applied 
urea can typically range between 5–15%, but is gener-
ally  between  5–10%  from  di-ammonium  phosphate   
and < 3% from ammonium sulphate and ammonium 
nitrate [79].
Nutrient Transfers in Harvested  
Crops and Pasture
Another key mode for transfer of nutrients within 
dairy farms is through harvesting, storage, and feed-
ing of conserved grain, crops, and forage. A typical Babcock Institute Discussion Paper No. 2007-4  9
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ryegrass or alfalfa ﬁeld in spring will contain approxi-
mately 40 mg/kg N, 25 mg/kg K, and 3 mg/kg P and 
therefore a 3 ton/ha hay or silage harvest would remove 
120 kg N, 75 kg K, and 9 kg P/ha from the harvested 
ﬁeld. This is generally stored and fed to cows, with 
nutrients transferred almost entirely into milk, meat, or 
manure.
The storage of conserved fodder or grain is itself not 
likely to result in signiﬁcant nutrient losses. Although 
pit and bunker silage stores often lose as much as 20% 
of the mass prior to feeding due to the consumption 
of carbohydrates by microbes, N losses are likely to 
be small and P losses negligible. Similarly, only small 
amounts of P and soluble N are lost through the gen-
eration of silage leachate from high moisture silage 
stacks,  while  P  and  N  losses  from  stored  hay  and 
wrapped silage should be negligible.
Heterogeneous Soil Nutrient Levels
Knowing  the  types,  amounts,  and  availability  of 
soil nutrients is an essential part of devising fertil-
izer practices that produce high-quality forage, grain, 
and pasture, while reducing potential environmental 
risks. Areas of low soil nutrient availability may cause 
reduced crop and pasture production, while high soil 
nutrient levels may contribute to high nutrient losses. 
Soil nutrient levels within a farm can be highly vari-
able, due to differences in fertilizer and manure appli-
cations, crop/pasture yields and nutrient removal, and 
inherent soil characteristics.
In conﬁnement systems, most manure is collected, 
stored,  and  land-applied.  In  pasture  systems  most 
manure is directly deposited in paddocks by grazing 
animals. Manure nutrient deposition by dairy cows is 
primarily a function of nutrient intake in forage and 
supplements, where animals spend their time, and the 
density of animals in that space. 
The  nutrient  loads  in  dairy  cow  dung  and  urine 
patches that occur in pastures are high. For example, 
the deposition of a single urine patch can apply the 
equivalent of between 500–1200 kg N and 200 kg K/
ha [105]. A study investigating the chemical changes 
in soil directly under dung pads measured P and K 
application rates of 248 and 782 kg/ha, respectively, 
and found that manure applications doubled both soil 
P and K levels in the 0–5 cm layer after forty days [1]. 
Urine and dung deposition on pastures is not ran-
dom. Within a dairy farm, areas which receive manure 
can be divided into four types: (1) areas where cows 
are conﬁned, such as dairy shed, yards, and feed pads 
(manure is typically collected from these areas), (2) 
areas where cows choose (or are encouraged) to be in 
high densities, such as stock camps, shade and wind 
protection, gateways, watering points, and feed and 
mineral supply (manure is typically uncollected), (3) 
areas where cows are forced to be in high densities, 
such as laneways, feed pads, and sacriﬁce paddocks 
(most manure is typically uncollected), and (4) areas 
where cows are generally in low densities, such as 
when grazing pastures (manure is uncollected). Even 
within these areas, nutrient deposition will be variable. 
Cows will visit and forage in some paddocks more 
frequently than others due to proximity to the dairy, 
differences in annual yields, and the “locking up” of 
paddocks to conserve silage and hay. Cows will con-
gregate  and  excrete  more  manure  around  gateways 
and water troughs, and shade areas. When paddocks 
are strip grazed and not back fenced (often to provide 
cows access to watering points), manure is deposited 
in greater amounts to the pre-grazed sections of the 
paddock. 
The  heterogeneous  nature  of  soil  nutrient  levels 
within dairy farms can be demonstrated with detailed 
soil sampling and analysis at a ﬁeld or sub-ﬁeld basis. 
A study of nutrient distribution on twenty commercial 
dairy farms across Victoria, Australia found that P, sul-
fur (S) and potassium (K) soil test levels were highly 
variable, with substantially higher soil test levels asso-
ciated with loaﬁng paddocks in close proximity to the 
dairy, calving paddocks, summer sacriﬁce paddocks 
and where dairy efﬂuent was regularly applied (exam-
ples are presented in Figure 4) [46]. Additional survey 
results from these farms suggest that cows spend a 
high proportion of time in these areas. Soil test levels 
were almost always lower in areas further away from 
the dairy, and where paddocks were regularly cut for 
hay and silage. Similar results from seven dairy farms 
in  coastal  New  South  Wales,  Australia  have  been 
reported [67]. 
Aarons studied nutrient accumulation and distribu-
tion across thirty-three smaller areas surrounding the 
dairy, laneways, and stream on a commercial dairy 
farm, in Gippsland, Australia [1]. They found that soil Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
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FIGURE 4. Soil phosphorus and potassium levels on three grazing-based dairy farms in south-eastern Australia. 
The legend reﬂects agronomic soil test interpretation, • designates the location of the milking parlor.
(e) Farm 3 (P)
(d) Farm 2 (K)
(f) Farm 3 (K)



















0             500          1000       Meters 0             500          1000         Meters
0                            500                    1000     Meters 0                              500                    1000     Meters
0                              500                          1000       Meters 0                             500                          1000       MetersBabcock Institute Discussion Paper No. 2007-4  11
Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
test levels varied considerably, but were always well in 
excess of agronomic requirements. In the areas where 
cows  congregate  prior  to  entering  the  dairy  yards, 
Olsen P levels in the surface 0–5 cm were in excess 
of 210 mg/kg. All of these studies concluded that the 
uneven  distribution  and  accumulation  of  nutrients 
in areas within the farm is unlikely to be generating 
increased pasture production, as these areas often have 
soil test levels well above agronomic requirements, 
and therefore may be contributing disproportionately 
to nutrient loss.
Although manure applications to cropland is well 
recognized by farmers as a key component to over-
all nutrient management on conﬁnement dairy farms, 
farmers may use only a relatively small fraction of 
their total cropland base for manure spreading. For 
example, a survey of manure spreading practices on 
800 Wisconsin dairy farms determined that producers 
used on average only 23–44% of available cropland 
area (ha) for spreading manure [107]. Farmersʼ inabil-
ity to use a greater proportion of their cropland area 
for manure spreading was associated with various fac-
tors, such as the presence or absence of manure storage 
facilities, labor availability and machinery capacity for 
manure spreading, the amount of manure actually col-
lected, and therefore that needed to be spread on crop-
land, variations in the manure “spreading window”, or 
days that manure can be spread given regional differ-
ences in weather and soil conditions, distances between 
where manure is produced and ﬁelds where manure is 
applied, and land tenure [90, 107]. 
In the U.S., as conﬁnement dairy farms expand in 
response to rapidly changing market conditions, access 
to close-by or contiguous ﬁelds for manure application 
often becomes increasingly difﬁcult. Manure spreading 
on distant, often rented land is time and energy con-
suming, and hence often not an economically viable 
option. Wisconsin dairy farmers apply manure more 
often to ﬁelds that are close to barns than to distant 
ﬁelds, although there appears to be regional differences 
in these practices [90, 97, 116, 117]. Similar to soil test 
distributions on grazing-based operations (Figure 4) 
soil test levels are much higher in ﬁelds close to barns 
where manure is applied more frequently than distant 
ﬁelds [19].
QUANTIFYING NUTRIENT FLOWS, TRANSFORMATIONS AND EFFICIENCIES ON DAIRY FARMS
Nutrient management planning for dairy farms has 
evolved over the last twenty-ﬁve years from a focus 
on soil nutrient requirements for crops, pasture, and 
livestock,  to  more  integrated  and  comprehensive 
approaches which aim to quantify nutrient ﬂows, iden-
tify  opportunities  for  improvements  in  nutrient  use 
efﬁciencies, and reduce nutrient losses to the environ-
ment.  Nutrient  management  tools  have  been  devel-
oped to integrate information across different scales, 
namely: (1) nutrient imports and exports at the whole-
farm scale, (2) nutrient ﬂows and efﬁciencies at the 
farm-system  and  component  scale  (i.e.,  feed,  milk, 
manure, soil application, and plant uptake), and (3) 
soil nutrient status and nutrient loss, at the ﬁeld/pad-
dock scale.
Nutrient balances have been widely used to quantify 
nutrient ﬂows, efﬁciencies and losses for dairy farms 
across these scales. In general they can be grouped 
into three categories: whole-farm balances, farm-
system balances, and ﬁeld-balances. 
A whole-farm balance operates as a simple nutrient 
input-output model and integrates farm scale informa-
tion into an environmental performance indicator. A 
surplus/deﬁcit can be adjusted for changes in stored 
nutrients and is often used to estimate loss, especially 
for  N.  Farm-system  balances  attempt  to  determine 
nutrient inputs and outputs, changes in nutrient pools, 
and transformations of nutrients into farm products 
(i.e. feed nutrients transformed into milk and manure, 
fertilizer and manure nutrients incorporated into crop/
pasture), and help to identify inefﬁciencies and pro-
cesses of nutrient loss. A ﬁeld-balance records nutri-
ents that are applied to a particular ﬁeld and leave the 
soil via harvested crop/pasture. Field balances are used 
for estimating the net loading of the soil with nutrients 
and can assist in reﬁning nutrient distribution patterns 
within the landscape and associated risks of nutrient 
loss.
The choice of a nutrient balance approach depends 
on the intended purpose of the analysis, which should Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
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also deﬁne the scale, required accuracy, data required, 
and data collection strategy. Table 3 summarizes the 
associated  beneﬁts,  limitations  and  uncertainties  of 
each different nutrient balance approach [93]. Each 
nutrient balance has speciﬁc beneﬁts, but become pro-
gressively more difﬁcult to undertake due to increased 
costs and the uncertainties associated with the more 
detailed data requirements.
Whole-Farm Balances
Whole-farm nutrient balances have been used as 
indicators  of  potential  nutrient  losses,  performance 
measures, to increase awareness about the importance 
of  nutrient  management,  and  as  regulatory  policy 
instruments to enforce speciﬁc nutrient management 
practices [94]. The approach has been widely adopted 
as a way of improving manure and fertilizer applica-
tions in the EU, and more recently has been strongly 
encouraged and supported in other dairy producing 
TABLE 3. The beneﬁts, limitations and uncertainties associated with different types of nutrient balances.




Source: Modiﬁed from Obern [93].
Relatively simple and uses readily 
available data
Outputs are easy to communicate
Possible to equate ﬁnancially
Repeatable 
Inclusive accounting of all inputs 
and outputs
Included internal cycling of nutrients 
through crop-animal-manure-soil 
transformations
Allows for the separation of sources
Increases understanding of nutrient 
cycling processes
Sensitivity analysis can be done to 
identify major pools and ﬂuxes
Can separate spatial and temporal 
aspects of pools and ﬂuxes over  a 
range of scale
Allows assessment of accumulation 
or depletion from a soil pool
Relates to crop / pasture production 
at a ﬁeld scale
Includes all inputs at a ﬁeld scale
Fluxes not associated with managed 
transfers may not be included (deposi-
tion, N ﬁxation, N leaching)
Only applicable at a farm scale and 
may mask spatial heterogeneity
Problem with carry over of nutrient 
pools between years
Data hungry and potentially more 
expensive
More complicated to interpret
Does not distinguish between external 
and internal inputs and outputs
Should not be extrapolated to the farm 
scale as may over-estimate ﬂuxes
Required estimates or predictions for 
N deposition, volatilization, ﬁxation 
and leaching 
Minor if good book keeping 
by farmers
Data availability and qual-
ity is critical
Required soil test informa-
tion, manure applications 
and concentrations
Required yield, crop nutri-
ent concentrations, soil 
proﬁle information
Difﬁcult to get site spe-
ciﬁc data on N deposition, 
volatilization, ﬁxation and 
leachingBabcock Institute Discussion Paper No. 2007-4  13
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countries such the U.S., Australia, and New Zealand 
[41, 42, 62, 118]. 
Whole-farm balances are the most common nutri-
ent balance approach as they are generally easy to cal-
culate from readily available data at a large scale and 
from sources that are likely to be fairly accurate [93]. 
These generally include “managed inputs” such as fer-
tilizer and feed, as well as environmental inputs such 
as N ﬁxation by legumes and atmospheric deposition 
(Figure 5). The importance of these inputs may vary 
substantially among farms, regions and countries, and 
will be inﬂuenced by factors such as farm size, stock-
ing density (animals per unit crop land or pasture area), 
type of dairy operation (for example conﬁnement ver-
sus grazing), management practices, level of imported 
feed and fertilizer, and soil and climatic conditions.
Whole-farm balances do not normally attempt to 
directly quantify environmental losses such as P run-
off, N leaching, denitriﬁcation or N volatilization, as 
these are difﬁcult to measure and are highly variable 
[96]. For N, soil N is generally assumed to be in a 
steady state, and “surplus” N is assumed to have been 
lost in gaseous forms or via leaching (Figure 5). Sur-
plus P may accumulate in surface and sub-surface soil 
through soil ﬁxation processes, though its fate is often 
difﬁcult to accurately deﬁne [17].
A nutrient surplus or deﬁcit can be calculated as the 
difference between nutrient inputs and outputs, usually 
standardized per ha of agricultural land and for a cal-
endar year. For example:
Whole-farm nutrient surplus/deﬁcit = (I1 + I2 + I3 + I4 + I5 
+ I6 + I7 + I8 + I9) – (O1 + O2 + O3 + O4 + O5)   [1]
Whole farm “nutrient efﬁciencies” can be calcu-
lated as the relative amount of nutrient inputs divided 
by nutrients in exports. For example:
Whole-farm nutrient efﬁciency = (O1 + O2 + O3 +  
O4 + O5) / (I1 + I2 + I3 + I4 + I5 + I6 + I7 + I8 + I9)    [2]
Whole-farm nutrient balances have been used at the 
farm,  catchment,  regional,  country  and  even  global 
scales [12]. For example, at a country scale, historical 
and current national data sets in Belgium were used 
to determine N surpluses on an average dairy farm 
and  concluded  that  N  use  efﬁciency  had  increased 
by about 8% between 1989 and 2001 [85]. At a state-
wide scale, input and production records were used to 
demonstrate that New York State had a decreasing P 
surplus from +50 million lbs in 1987 to +28 million 
lbs in 2002 [75]. Whole-farm nutrient balances have 
also been used to compare nutrient efﬁciencies or sur-
pluses for dairy operations in different countries [68, 
85, 130]. The Mineral Accounting System (MINAS) 
was used in The Netherlands to determine nutrient sur-
pluses on dairy farms with different milk production 
levels in three dairy regions and on different soil types 
FIGURE 5. Whole-farm nitrogen and phosphorus inputs and outputs for a dairy farm.Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
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kg N/ha/year. At a similar scale, the effect of stock-
ing rates and low rainfall conditions on the level of 
imported feed and associated K and P balances in a 
dairy  farmlet  study  in Australia  were  studied  [47]. 
Increased stocking rates and dry seasonal conditions 
resulted in a greater reliance on supplementary feed 
and an increased K and P surplus of three to four-fold 
(Table 6).
Farm-System Balances and Components 
Biological  systems  are  inherently  inefﬁcient  in 
their use of nutrients and hence only a proportion of 
nutrients  made  available  to  animals  and  plants  are 
transformed into products. For example, a dairy herd 
(milking cows, dry cows, and heifers) may transform 
only 15–20% of the N and P contained in feeds into 
milk production [126]. Also in these dairy systems, 
approximately 50–60% of the N and P applied to soil 
were found to be incorporated into pasture and crops. 
Although nutrient use by plants are higher than ani-
mal nutrient use efﬁciencies, many dairy farmers con-
tinue to fertilize ﬁelds well in excess of crop nutrient 
demands. For example, in Wisconsin, in areas where 
manure has been land-spread, some farmers may not 
credit the manure nutrients applied, and apply high 
amounts of fertilizers [90, 97]. Overfeeding livestock 
[52]. The Dutch yardstick was used to compare nutri-
ent balances on different sized dairy farms in Wiscon-
sin [36]. In the Cannonvale water supply catchment in 
New York State, the Cornell University Nutrient Man-
agement Planning System (cuNMPS) has been used 
to determine P and N surpluses at the farm scale, and 
then scale up these nutrient emissions to the catchment 
scale [24, 53]. 
P balances were developed for all agricultural enter-
prises in three degraded water quality catchments in 
southwest Western Australia to determine land use spe-
ciﬁc nutrient surpluses and efﬁciencies [86]. The New 
Zealand OVERSEER® model was used to assess cur-
rent N and P surpluses, the potential N leaching losses, 
and impact of land use change, in three key catchments 
in  New  Zealand  [104].  Dairy  farm  data  from  New 
York State (Table 4) was used to illustrate the increas-
ing surplus of P as cow numbers per farm increased 
[60]. Similarly in Australia, P balances have been used 
to demonstrate the link between increasing stocking 
densities, fertilizer inputs, reliance on imported feed, 
and P accumulation on dairy farms (Table 5).
A whole-farm nutrient balance approach was used 
to determine N use efﬁciency in a farmlet study which 
compared no N and high N fertilized dairy pastures 
[68]. It was concluded that despite the 46% increase 
in milk yield from the farm, N use efﬁciency fell from 
43% to 23%, and N surplus increased from 92 to 387 
TABLE 4. Annual phosphorus balance for differing sized dairy farms, New York, U.S.
                      Size of dairy, cows/farm 
  45  85  320  500 
Item                             kg P/year
Inputs
Purchased feed  907  1,542  7,619  12,880
Purchased fertilizer  1,088  816  1,814  9,070
Purchased animals  0  0  27  0
Outputs
Milk  363  617  3,477  4,988
Meat  45  91  453  453
Crops sold  18  54  0  0
Remainder  1,569  1,596  5,530  16,509
% of Inputs  79  68  59  75
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and over-fertilizing ﬁelds result in lower nutrient use 
efﬁciencies and exacerbate the potential for nutrient 
surpluses and losses to the environment. 
The principal advantage of a farm-system nutrient 
balance over a whole-farm balance is that in addition 
to imports and exports, it also provides information 
about nutrient ﬂows, pools, and transformations within 
key production system components (Figure 6). Quanti-
fying the ﬂuxes and efﬁciencies of these nutrient ﬂows 
and transformations within the farm-system is there-
fore an important part of identifying where improve-
ments in nutrient use can be made.
Quantifying Nutrient Fluxes and Eﬃciencies. An 
important aspect of determining and interpreting nutri-
ent ﬂuxes and use efﬁciencies within key components 
of dairy operations is to establish standardized ways 
by which on-farm nutrient use measures can be com-
pared. A number of recommended nutrient use efﬁ-
ciency deﬁnitions for conﬁnement and grazing dairy 
operations are provided here.
Feed Nutrient Use Eﬃciency. Feed  N  and  P  use 
efﬁciencies are used to determine the relative amount 
of feed N and P transformed into milk. Establishing 
the relationship between feed nutrients and milk pro-
duction is a logical ﬁrst step in determining nutrient 
efﬁciencies within a farm-system. Feed N and P use 
efﬁciencies are calculated as:
FNUE % = 100 x (Milk N production (g/cow/day) / 
Feed N intake (g/cow/day)  [3]
FPUE % = 100 x (Milk P production (g/cow/day) /  
Feed P intake (g/cow/day)  [4]
Manure N and P Excreted. As the N and P content of 
milk is fairly constant and mature lactating dairy cows 
utilize very little N and P for metabolism or growth, 
the amount of N and P excreted in manure is highly 
TABLE 5.   Annual phosphorus balance for dairy farms with 
different stocking densities in Victoria, Australia.
    Stocking rate 
  2 cows/ha  3 cows/ha  4 cows/ha 
Item    kg P/year
Inputs
Purchased feed  675  1,650  2,850
Purchased fertilizer  1,500  2,625  3,750
Purchased animals  0  0  0
Outputs
Milk sales  750  1,200  1,575
Meat  43  65  97
Fodder  0  0  0
Remainder  1,382  3,010  4,928
% of Inputs  64  70  75
Source: Modiﬁed from Gourley [47].
TABLE 6.   Potassium and phosphorus inputs in feed, outputs in milk and difference, for three stocking rates in a wet 
(1998–89) and dry (2000–01) season in Victoria, Australia. 
    1998/99    2000/01 
  2 cows/ha  3 cows/ha  4 cows/ha  2 cows/ha  3 cows/ha  4 cows/ha
Potassium (kg/ha)
Feed  28  52  74  39  107  184
Milk  19  29  36  20  30  36
Difference  +9  +23  +38  +19  +77  +148
Phosphorus (kg/ha)
Feed  7  15  23  9  22  38
Milk  10  15  19  10  16  21
Difference  –3  0  +4  –1  +6  +17
Source: Gourley [42].Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
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dependant on the dietary intake of N and P. Therefore 
N and P excreted in manure by a lactating dairy cow 
can be calculated by the following equations:
Manure N Excreted (g/day) = [Feed N intake  
(g/cow/d) – Milk N production (g/cow/d)]  [5]
Manure P Excreted (g/day) = [Feed P intake  
(g/cow/d) – Milk P production (g/cow/d)]  [6]
Manure Collection Eﬃciencies and Nutrient Load-
ing Rates. Dairy cattle deposit manure in various farm 
locations, depending on the farms operational features 
and  herd  management  practices.  Farmers  generally 
collect manure from some locations (e.g., barns, milk-
ing parlours) while manure in other locations may go 
uncollected (e.g., pastures, laneways, barnyards). 
Accurately determining the amounts and efﬁciencies 
of manure collection and nutrient recycling on dairy 
farms can be difﬁcult, especially for grazing opera-
tions. The amount of manure deposited in particular 
locations,  and  the  subsequent  efﬁciency  of  nutrient 
recycling on dairy farms, is generally determined by 
estimating the relative amount of time cattle spend in 
various farm locations and farmer collection practices. 
These  calculations  usually  assume  that  deposition 
patterns are proportional to the amount of time dairy 
cattle spend in a particular location. Therefore nutrient 
deposition rates in a particular area and the collection 
and redistribution of nutrients to land is generally esti-
mated from the following information: 
•  manure N and P excretions (g N and P/cow/day), 
•  where the manure nutrients were excreted (i.e. 
barns, barn yards, feed bunks, feed pads, milking   
parlor, holding paddocks, laneways, and grazed  
pastures),
•  the size of each particular area, 
•  the number of cows that were present in each 
area,
•  the proportion of each day cows spent in each 
area,
•  what proportion of manure was collected from 
these areas, 
•  how manure was collected, and 
•  how collected manure was stored.
Manure Collection in Conﬁnement-Based Dairy 
Operations.  In  conﬁnement  systems  dairy  produc-
ers may not collect all the manure excreted by their 
herd. This is particularly the case on dairy farms where 
cows spend signiﬁcant time in pasture, barnyards, and 
other  outside  cattle  holding  areas.  Knowing  when, 
FIGURE 6.   Farm-system balance describing whole-farm N and P inputs, outputs, 
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where, and how much manure is collected is a neces-
sary ﬁrst step in determining manure volumes, nutrient 
loads, and therefore how much land area is needed for 
manure applications. It is also important in determin-
ing the manure not collected and the potential accumu-
lation areas and nutrient “hotspots” on dairy farms. 
Manure  collection  efﬁciency  (MCE)  on  conﬁne-
ment dairy farms can be calculated as follows [99]: 
MCE % = 100 x (Manure collected / Manure excreted)  [7] 
On an annual basis, MCE can be estimated as the 
difference between manure excretion and the sum of 
farmer-estimated fractions of time cows spend in areas 
where manure goes uncollected, on a seasonal basis, 
determined as follows:
AMCE % =   (1 – [(Dp)(Yp) + (Ds)(Ys) +  
(Df)(Yf) + (Dw)(Yw)]) x 100   [8]
Where  the  term  AMCE  represents  the  apparent 
manure collection efﬁciency for a cow type (lactating, 
dry, heifer); D represents time spent daily in outside 
areas where manure is not collected (fraction of days), 
as reported by farmers during spring (p), summer (s), 
fall (f), and winter (w); and Y represents a seasonʼs 
length (fraction of a year), as reported by farmers. 
Manure Collection in Grazing-Based Dairy Oper-
ations. The major difference between nutrient recy-
cling in grazing and conﬁnement dairy farms is that 
in grazing-based dairy farms animals generally excrete 
the  majority  of  manure  directly  on  pastures,  where 
as  in  conﬁnement-based  systems,  manure  needs  to 
be collected and mechanically applied to croplands. 
Therefore, manure deposition and collection efﬁciency 
measures for grazing operations need to recognize the 
beneﬁts  and  risks  of  non-collected  manure  directly 
deposited to pastures by animals, while also assess-
ing the potential inefﬁciencies of manure deposited 
to non-pasture areas, such as laneways, sacriﬁce pad-
docks, and feed pads, where manure is not collected. 
Manure excretion by cows directly onto pasture can 
be determined from the sum of farmer-estimated frac-
tions of time cows spend on pastures, on a seasonal 
basis, determined as follows:
MEP % =   [(Pp)(Yp) + (Ps)(Ys) + (Pf)(Yf) + (Pw)(Yw)]  
x 100  [9] 
The term MEP represents the proportion of manure 
excreted directly onto pasture by lactating cows; P rep-
resents time spent daily (fraction of days) when cows 
are on pasture to graze, as reported by farmers during 
spring (p), summer (s), fall (f), and winter (w); and 
Y represents a seasonʼs length (fraction of a year), as 
reported by farmers. Further information provided by 
the farmers, regarding paddock rotations can be used 
to reﬁne manure distribution patterns and estimated 
loading rates of N and P on a paddock basis.
Total manure excretion onto non-pasture areas of 
a grazing operation, such as feed pads, laneways, and 
the milking parlor, can be calculated as the difference 
between total manure excretion and manure excreted 
onto pasture as follows:
MENP% = [(1 – (Pp)(Yp)) + (1 – (Ps)(Ys)) +  
(1 – (Pf)(Yf)) + (1 – (Pw)(Yw))] x 100  [10]
The  term  MENP  represents  the  proportion  of 
manure excreted on non-pasture areas. Other variables 
are the same as described for equation 9. 
Some of the manure deposited in non-pasture areas 
may be collected. For example, manure is generally 
ﬂushed from milking parlors and collected in efﬂu-
ent  ponds.  Manure  deposited  on  cement  feed  pads 
may also be scrapped or ﬂushed into ponds. However 
manure  deposited  in  laneways,  stand-off  areas  and 
sacriﬁce areas, is usually not collected.
The proportion of manure excretion onto non-pas-
ture areas of a grazing operation which is collected, 
can be determined from the sum of farmer-estimated 
fractions of time cows spent in areas where manure is 
collected on a seasonal basis, as follows:
MENPC% = [(NPCp)(Yp) + (NPCs)(Ys) + (NPCf)(Yf) + 
(NPCw)(Yw)] x 100  [11]
The  term  MENPC  represents  the  proportion  of 
manure excreted on areas other than pasture which is 
collected. NPC represents time spent daily (fractional 
days) when cows are on non-pasture surfaces where 
manure  is  collected,  as  reported  by  farmers  during 
spring (p), summer (s), fall (f) and winter (w); and 
Y  represents  a  seasonʼs  length  (fractional  year),  as 
reported by farmers.
Uncollected manure in non-pasture areas may pose 
the greatest environmental threat. Uncollected manure 
can lead to excessive nutrient loads in particular areas Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
18  Babcock Institute Discussion Paper No. 2007-4
of the farm, which in turn increases greatly the risk of 
nutrient loss [1, 42, 99]. Knowing the amount of uncol-
lected manure (kg), the nutrient concentration (g/kg), 
and the surface area (ha), nutrient loading rates (kg/ha) 
can be calculated for each non-pasture area.
Comparisons in the proportion of manure collected 
between conﬁnement and grazing can be determined 
for both systems using equation 7. However, to com-
pare manure collection efﬁciency among grazing oper-
ations (MCEG), manure directly excreted by animals 
on crop or pasture land should not be included. MCEG 
is therefore determined as:
MCEG (%) = [MENPC / MENP] x 100   [12]
The  term  MENPC  represents  the  proportion  of 
manure excreted onto non-pasture areas which is col-
lected, and MENP represents the proportion of total 
manure excreted onto non-pasture areas.
The amounts of manure collected and uncollected 
on  conﬁnement  (equation  7)  and  grazing  (equation 
12) dairy farms reﬂect manure nutrients at the time 
of excretion. They do not account for N and P losses 
after  excretion.  For  collected  manure,  losses  occur 
during manure collection, storage, and transportation 
to locations where manure is land-applied. Manure N 
losses generally range from 20–55% of excreted N for 
solid manure and 15–85% for liquid manure in vari-
ous manure handling and storage systems [40]. Lost 
manure N mainly volatilizes as ammonia gas. Manure 
P losses range from 10–20% during manure collection, 
storage, and transportation [121]. Almost all of the lost 
manure P goes to the hydrosphere via soil surface run-
off. Knowledge of manure N and P loss pathways and 
magnitude of losses are needed to estimate manure N 
and P collection and recycling efﬁciencies. 
Nutrient  Use  Efﬁciency  by  Crops  and  Pasture. 
Dairy farmers apply fertilizer and manure, and supply 
other sources of organic nutrients (e.g., legume-ﬁxed 
N)  to  cropland  and  pastures  to  enhance  yields  and 
feed quality (Figure 6). Soils also have inherent fer-
tility which provides nutrients for plant uptake. There 
is tremendous variability in the type and amount of 
available soil nutrients. Because of the diversity of 
farmerʼs fertilizer practices and differences in soil fer-
tility parameters, calculating nutrient use efﬁciencies 
for crops and pasture is much more difﬁcult than feed 
nutrient use efﬁciencies. In general terms, crop and 
pasture nutrient use efﬁciencies (NUE) are calculated 
as follows:
NUE =   100 x Crop nutrient uptake (kg/ha) / [Nutrient 
applied (kg/ha) – Nutrient uptake by “control 
crops” (kg/ha)]   [13]
The denominator in this equation accounts for the 
sum of all nutrients applied (e.g., fertilizer, manure) 
minus the amount of nutrients taken up by the crop 
in soil that received no nutrient additions (i.e. “con-
trol crops”). Such indirect estimates of nutrient uptake 
need to be interpreted with caution, due to uncertainties 
associated with nutrient availability in control plots. A 
more direct measure of NUE can be obtained by using 
expensive, isotopicly-labeled fertilizer and manure.
Examples of Nutrient Eﬃciency Measures on Dairy 
Farms. An example of annual N and P inputs, out-
puts, partitioning and ﬂows among components within 
a dairy farm is provided from the De Marke experi-
mental farm in The Netherlands [4, 5]. All N and P 
ﬂuxes were measured or estimated during ten years 
(1993–2002) of operation (Figure 7). The nutrient bal-
ance data provides whole-farm assessments of N and P 
surplus, as well as the ability to determine efﬁciencies 
in nutrient utilization and subsequent inefﬁcient pro-
cesses on the farm. Based on the data provided from 
the De Marke project, average FNUE and FPUE were 
determined to be 21% and 25%, respectively [4, 5]. 
FNUE and FPUE on conﬁnement dairy farms of 
the northeast region of the U.S. were found to range 
between 25–35% and 22–35 %, respectively and even 
under experimental conditions do not increase above 
35% for N and 50% for P [55]. FNUE and FPUE was 
calculated for ﬁfty-four conﬁnement-based dairy farms 
in  Wisconsin  representing  the  range  of  herd  sizes, 
feeding systems, housing types, and milking frequen-
cies found in the state [84, 98, 129]. They found that 
average FNUE ranged from 18–33% (Table 7). Farms 
which used total mixed rations or balanced rations, 
and those that milked three times a day had the high-
est average N use efﬁciency. Average FPUE ranged 
from 18–35% (Table 7) and was signiﬁcantly greater 
for those farms that balanced rations at least four times 
per year. The implications of a low feed use efﬁciency 
not only indicates wasted input costs but also has a Babcock Institute Discussion Paper No. 2007-4  19
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FIGURE 7.   Average annual N and P inputs, outputs, and ﬂows (kg/ha) through the major components for the De Marke 
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substantial impact on manure N and P concentration, 
which in turn can dramatically impact the area of land 
required to legally distribute collected manure [103]. 
Field Balances
Deﬁning Soil Fertility Targets. In Australia and the 
U.S.,  as  in  most  other  industrialized  countries,  soil 
analysis and interpretation is widely recognized as an 
important tool for improved soil-crop nutrient man-
agement decisions on farms. The use of soil-test infor-
mation at the ﬁeld/paddock level, can greatly assist in 
determining  nutrient  requirements  for  fertilizer  and 
manure, and substantially improve soil nutrient use 
efﬁciency while reducing nutrient accumulation and 
losses.  Subsequently,  considerable  effort  has  been 
directed towards developing and reﬁning soil tests and 
soil-test calibrations, not only for providing fertilizer 
and manure advice, but also more recently, to assess 
the risk of nutrient loss.
Recently,  renewed  efforts  in  both  Australia  and 
New Zealand, have aimed to improve the accuracy of 
soil testing in pasture systems [34, 43]. For example, 
in Australia, data from more than 4,000 experimental 
trial years has recently been collated and re-analyzed 
to improve P, K and S soil-test pasture response cali-
bration relationships [43]. Importantly, these revised 
soil-test calibrations are being used to redeﬁne soil fer-
tility targets and fertilizer applications by both fertil-
izer companies and government agencies.
Although dairy farmers and their advisors recog-
nize that soil testing is a valuable tool in determining 
TABLE 7.   State-wide and regional values, and impact of herd size, feed management, and milking frequency on dietary crude 
protein (CP) and phosphorus (P) concentrations, dry matter intake (DMI), milk production, and feed N (FNUE) and 
feed P (FPUE) use efﬁciencies on Wisconsin dairy farms.
Parameter  Variables  CP  P  DM offer  Milk Prod.  FNUE  FPUE 
                           g/kg/DM                           kg/cow/d1    %  %
State-wide values  Mean  172  4.1  22.7  29.6  25.4  29.0
  5th percentile  168  4.0  21.5  27.6  23.9  26.6
  95th percentile  175  4.3  23.9  31.6  27.0  31.3
Regional values  NE  172  4.2  23.8  31.8  27.1  29.5
  SC  173  4.0  22.3  29.6  25.1  29.0
  SW  172  4.3  22.1  27.3  23.8  28.4
Herd class   1–29  169  3.7b1  21.3  20.0c  18.2c  23.5b
(lactating cows/farm)1  30–49  168  4.2ab  23.6  27.4b  24.2b  26.6ab
  50–99  173  4.2ab  21.8  29.7b  26.6b  32.1ab
  100–199  175  4.0ab  25.3  33.1ab  24.3b  24.4b
  200+  176  4.5a  23.0  38.7a  32.6a  34.6a
Use of TMR  Yes  172  4.0  23.1  33.5a  27.0a  28.9
  No  172  4.2  22.5  26.1b  24.1b  29.0
Balance rations ≥4x y1  Yes  171  4.1  22.6  30.6a  26.5a  30.0a
  No  175  4.3  23.2  24.7b  21.0b  24.8b
Milk three times daily  Yes  176  4.5  23.0  40.2a  32.6a  34.6
  No  171  4.1  22.7  28.8b  24.9b  28.7
Use Posilac®  Yes  174  4.2  24.4  37.1a  29.0a  28.7
  No  171  4.1  22.4  27.7b  24.6b  29.1
1Within a variable category, means followed by different letters differ signiﬁcantly (P<0.08).
Source: Adapted from Powell [98].Babcock Institute Discussion Paper No. 2007-4  21
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soil fertility levels on their farms, there is often a poor 
level of understanding of soil tests and their interpreta-
tion. An Australian study found that although 80% of 
the dairy farmers sampled pasture soils on their farms 
on a regular basis, only 50% were able to interpret soil 
test results effectively, and results were rarely used 
by farmers themselves to determine fertilizer require-
ments of individual ﬁelds, or to follow soil fertility 
trends over time [48].
Nutrient  Loss  Assessment.  While  the  resources, 
time, and labor required for directly measuring nutri-
ent losses in ﬁeld-based studies can be high, the use 
of mechanistic and empirical models to predict nutri-
ent losses are also complex and time-consuming to 
parametize and validate. Therefore a widely adopted 
approach has been to develop indices that assist in 
predicting the risk of nutrient loss from a ﬁeld or part 
of the landscape. The risk of nutrient loss is the com-
bination of the likelihood and magnitude of loss, as 
inﬂuenced by climatic conditions, landscape features, 
and land management. Nutrient loss indices are gener-
ally based on identifying key sources of nutrients and 
factors involved in transport and delivery to receiv-
ing waters. Where a high likelihood of nutrient trans-
port and delivery coincides with a signiﬁcant nutrient 
source, there is an increased risk of nutrient loss (Fig-
ure 8). The majority of work developing nutrient loss 
and  environmental  risk  indices  has  been  concerned 
with P. 
The development and adoption of nutrient loss indi-
ces is most advanced in the U.S. This is in part due to 
initiatives taken at a federal level that have prompted 
P loss indices to be incorporated into the nutrient man-
agement  and  water  quality  monitoring  programs  of 
most states [111]. The vast range of environmental, 
enterprise, and management scenarios present across 
the U.S. indicates the ﬂexibility and robustness of the 
index approach. 
The  development  and  use  of  nutrient  loss  indi-
ces has been less in Australia than in the U.S. This is 
partly because there is less political imperative in Aus-
tralia for farmers to meet environmental obligations. 
However, over the past ﬁve years, the Australian fer-
tilizer industry and agricultural commodity groups, in 
association with government and university research-
ers, have been supporting and developing tools and 
voluntary approaches for environmental management, 
no doubt in the hope that this will limit restrictive leg-
islation in the future. A signiﬁcant outcome from this 
recent investment has been the Farm Nutrient Loss 
Index (FNLI), designed to aid grazing farmers, exten-
sion staff, and fertilizer advisors assess the spatial and 
temporal risks of P and N losses to surface waters, 
groundwater, and the atmosphere [77]. 
Since the potential for nutrient loss depends on a 
combination of characteristics speciﬁc to each pad-
dock or land management unit, the appropriate man-
agement  for  each  paddock  can  vary.  For  example, 
paddocks having similar soil fertility tests but different 
drainage characteristics, slope, pasture type, or man-
agement will have different risks of nutrient loss (Fig-
ure 9). Nutrient loss indices can therefore help land 
managers identify the risks of nutrient loss on different 
parts of their farms, explain why these risks occur, and 
explore nutrient management options, which can mini-
mize nutrient losses. 
A number of recent studies have attempted to vali-
date  P-indices  using  measured  P  losses  at  the  ﬁeld 
scale. For example, one study found that a P-index 
adequately predicted (r2 = 0.79 – 0.83) the loss of P 
from  manured  and  unmanured  runoff  plots  [112]. 
Another study reported that P-indices had successfully 
reﬂected dissolved P in overland ﬂow in Texas and in 
Arkansas [111]. A study also reported good to strong 
correlations (r2 = 0.58 – 0.74) between runoff P and 
that predicted by the P-index [35]. These studies have 




























FIGURE 8.   A diagrammatic representation of factors 
inﬂuencing the source, transport, and risk of 
loss of nutrients. 
Source: Gourley [43].Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
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els. For example, when the weighting for erosion was 
increased from 1.5 to 7.5, the correlation increased to 
0.85 [35]. At a larger scale, good correlations between 
P-index assessment and P concentrations in streams   
(r2 = 0.51 – 0.70) and a lake (r2 = 0.68) have been 
reported [13]. While these studies demonstrate strong 
relationships between P-index predictions and actual P 
losses in runoff, additional ﬁeld evaluation and valida-
tion is still required [25, 71, 111]. 
FIGURE 9.   The combination of transport and source factors and associated risk of phosphorus loss for individual ﬁelds on a 
dairy farm as predicted by the Farm Nutrient Loss Index. 
Drainage lines aﬀect the amount of runoﬀ. Soil P aﬀects the availalbility of P 
(source factor).












NUTRIENT MANAGEMENT TOOLS FOR DAIRY FARMS
While the ﬂow pathways of nutrients in and out 
of a dairy farm are generally consistent across dairy 
operations worldwide (i.e. feed, fertilizer, milk, and 
manure), within-farm nutrient cycling processes may 
be quite different between conﬁnement-based and graz-
ing-based dairy farms [105]. In conﬁnement systems, 
a farmer has more control on feeding (amount, quality, 
and nutrient concentrations), which in turn inﬂuences 
milk production and the quantity and nutrient concen-
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operations  there  is  potentially  greater  control  over 
the capture and storage of excreted manure, and the 
application of manure to ﬁelds to meet crop nutrient 
demands. In contrast, a grazing system relies on the 
dairy cow to forage. Feed quality and nutrient content 
of pasture varies throughout the year, and the distri-
bution of manure is uneven across the farm landscape 
and may accumulate in unproductive areas. 
Most nutrient management planning tools developed 
in the U.S. are for conﬁnement dairy farms and focus 
on manure management, and more recently, on feeding 
strategies to reduce nutrient concentrations in manure. 
In  contrast,  grazing-based  dairy  industries  such  as 
those in Australia and New Zealand, have developed 
nutrient management tools which have focused on fer-
tilizer decisions and only recently have included issues 
such  as  nutrient  balances  and  nutrient  losses  [42, 
79]. Many of the recent and better integrated nutrient 
management planning tools have evolved from tools 
originally designed solely to optimize feed, manure 
applications, or fertilizer decisions.
The continuing interest in the development and use 
of nutrient management tools in most dairy regions 
of the industrialized world is mainly driven by their 
obligatory use to meet regulatory requirements, access 
ﬁnancial support and co-payments from regional and 
federal  governments,  and  to  satisfy  market  access 
requirements. There is also interest from watershed 
management authorities and dairy companies in the 
use of nutrient management planning tools as a way of 
meeting “voluntary” environmental nutrient manage-
ment standards [79]. Although less common, there is 
also growing interest by farm and fertilizer advisors in 
using nutrient management tools to help with nutrient 
management practices which support the business efﬁ-
ciency of dairy operations.
As a result of this growing interest, many different 
nutrient management tools for dairy farmers, advisors, 
researchers, and policy players have been developed. 
For  example,  the  relative  simplicity  of  whole-farm 
nutrient balances for dairy operations has led to the 
development of over forty-ﬁve different nutrient bal-
ancing tools in Europe [41]. On the other hand, more 
complex simulation models are more limited in num-
ber and are mostly used as research tools. Overall, 
currently  available  nutrient  management  tools  vary 
greatly in terms of their objectives, degrees of com-
plexity, data requirements, calculations, and ways of 
presenting  outputs.  Selecting  the  most  appropriate 
tools presents a signiﬁcant challenge for most farm-
ers and advisors, and therefore they generally rely on 
tools that are locally developed and recommended by 
people they trust [76]. This, along with the need for 
site speciﬁc information, may help explain the diver-
sity of different nutrient management tools available. 
Examples of tools used to assist nutrient manage-
ment decisions on dairy farms in Australia, the U.S., 
Europe, and New Zealand are provided in Table 8. 
These represent only a small proportion of the tools 
which are likely to be available. The characteristics 
of some of these discussed nutrient management tools 
used are summarized in Table 12.
The following descriptions of speciﬁc nutrient man-
agement tools serve to illustrate the range of nutrient 
management  tools  currently  available,  the  scale  at 
which they operate, the diversity of approaches taken, 
different inputs required and outputs generated, the 
key users, and widespread nature of their use. 
Whole-Farm Nutrient Management Tools
Mineral Accounting System. The Mineral Account-
ing System (MINAS) was developed to reduce N and 
P surpluses and losses from livestock farms in The 
Netherlands and has played a key role in nutrient man-
agement advice and regulation of nutrient applications 
[82, 110]. The MINAS system has been used to deter-
mine N and P surplus on Dutch dairy farms since 2001 
and farmers have been required to annually account 
for N and P imports, such as concentrates and forages, 
manure, fertilizer and animals, and N and P exports in 
milk and animals. Indirect inputs such as N deposition 
or N ﬁxation were not included in the whole-farm bal-
ance [52].
The MINAS nutrient accounting approach continues 
to be an important policy instrument in the Dutch gov-
ernmentʼs attempt to reduce nutrient losses and meet 
EU standards for reducing N leaching. Calculated N 
and P surpluses on dairy farms are compared to maxi-
mum allowable surpluses for particular operations and 
soil types, ranging from 60–250 kg/ha/year for N, and 
8.8–15 kg/ha/year for P. Farmers are obliged to report 
their  whole-farm  nutrient  inﬂows  and  outﬂows  and Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
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have to pay a levy for each additional kg of N and P 
kg/ha above these deﬁned standards [49].
Modiﬁed Yardstick. The Modiﬁed Dutch Yardstick 
is a whole-farm balance tool focusing on N, P, and K 
[36]. It is similar to a number of other nutrient bal-
ance tools currently available in a spreadsheet format 
[29, 56, 63]. The tool was originally developed in The 
Netherlands and was modiﬁed for use in the Upper 
Midwest of the U.S. in the mid 1990ʼs. The Modiﬁed 
Yardstick is considered appropriate for farmer use, but 
has generally been used by advisors who are trained 
in data collection and can assist in interpretation. The 
Modiﬁed Yardstick was developed for dairy farms, but 
it is also applicable for cash grain operations and can 
be used on any farm where nutrient input-output data 
is available. Data inputs include livestock and animal 
products, purchased feed products, forages and min-
erals, sold crops, meat and milk, manure, N ﬁxed by 
legumes, and atmospheric deposition. A basic N, P, 
and K surplus or deﬁcit is then determined on a land 
area basis.
Farm-System and Component Nutrient 
Management Tools
Integrated  Farm  System  Model.  The  Integrated 
Farm System Model (IFSM) is a whole-farm simula-
tion model of dairy, beef, or crop production systems. 
Farm systems are simulated over many years to deter-
mine long-term performance, environmental impact, 
and economics of the farm. As such, the model is a 
long-term or strategic planning tool. All of the major 
processes of crop production (harvest, storage, feed-
ing,  animal  production,  manure  handling,  and  crop 
establishment) are simulated, as well as the return of 
manure nutrients back to the land. By simulating vari-
ous alternative technologies and/or management strat-
TABLE 8.   Examples of nutrient management tools used in dairy production systems in Australia, 
the U.S., Europe, and New Zealand.
Country–State  Nutrient management tool  Reference
Australia  DairyMod  Johnson et al., 2005
  Dairy Nutrient Auditor   Gourley, 2004
  Farm Nutrient Loss Index (FNLI)  Gourley [43]
Denmark  Ethical account for livestock farms  Halberg [51]
France  Agro-ecological indicators  Bockstaller [14]
Sweden  Farm level nutrient balance (STANK)  Anon [10]
The Netherlands   Mineral accounting system (MINAS)  van den Brandt [128]
New Zealand  OVERSEER® 
UK  Environmental Management of Agriculture  Lewis [70]
U.S.
   California  Dairy facility nutrient assessment  California EPA [20]
   Illinois/Missouri  Manure Management Planner  SNMP [119]
   Maryland  Maryland nutrient balancer  Kohn [63]
   Minnesota  Minnesota nutrient management plan  NMP [91]
   New York  Cornell Cropware  Ketterings [57]
   Pennsylvania  Integrated Farm System Model (IFSM)  Rotz [106]
   Wisconsin  Modiﬁed Yardstick  Erb [36]
  N-CyCLE  Wattiaux [131]
  SNAP-PLUS  CALS [26]Babcock Institute Discussion Paper No. 2007-4  25
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egies on representative farms, the user can determine 
scenarios that provide the desired level of farm pro-
duction, environmental impact, and proﬁt.
IFSM has been used to model case study farms in 
The Netherlands (De Marke), New York, Pennsylva-
nia, Washington,  and  New  Zealand. Although  farm 
level validation of these whole-farm models is very 
difﬁcult, the IFSM model has satisfactorily reproduced 
the long-term feed production and use, and the N and P 
ﬂows on commercial and research dairy farms [105].
An output table from the Integrated Farm System 
Model provides an example of farm scale N and P 
imports, exports and losses generated for a particular 
dairy farm over a twenty-ﬁve year simulation of cli-
mate and crop yields (Table 9).
IFSM  and  its  predecessor  Dairy  Forage  System 
Model  (DAFOSYM)  have  primarily  been  used  as 
research tools for evaluating alternative technologies 
and management strategies for dairy farms across the 
Northern U.S., Canada, and Northern Europe [100]. 
In addition to its primary purpose as a research tool, 
IFSM is also an effective teaching aid. Students, exten-
sion ﬁeld staff, private consultants, and producers can 
use the model to learn more about the complexity of 
the many interactions that occur within a crop and 
livestock  production  system.  However,  the  modelʼs 
complexity tends to limit the use of IFSM by a wider 
audience. This level of complexity is necessary for the 
completeness and accuracy of the model in integrat-
ing the major processes and process interactions on a 
farm. 
DairyMod. DairyMod is a biophysical model of a 
dairy pasture system, which has been designed to simu-
late pasture and grazing management under Australian 
soil and climatic conditions [54]. The primary focus 
of earlier versions of DairyMod was to predict pasture 
growth and utilization, but the model has recently been 
expanded to investigate a broader range of issues and 
options. The principle components of DairyMod cur-
rently include a physiological pasture growth model 
that includes multiple species, animal intake based on 
bite dynamics, pasture heterogeneity and its inﬂuence 
on pasture growth and animal intake, water balance 
with evapotranspiration, inﬁltration and runoff, animal 
processes including lactation, pregnancy and growth, 
and  fertilizer  and  irrigation  strategies.  The  nutrient 
dynamics sub-models include predicting soil organic 
matter turnover, nutrient cycling and partitioning for 
N, P, K and S, and predictions of N losses from leach-
ing, volatilization, and denitriﬁcation. Simulations are 
generally run for long time periods i.e. twenty years, 
using detailed climatic records. 
A dairy farm can be divided into a maximum of 
100 subdivisions or “paddocks,” each of which can 
be  parameterized  independently  to  represent  spatial 
variation in soil type, pasture type, fertilizer use and 
irrigation, or all combinations of these. The multiple 
paddock structure also allows for a realistic represen-
tation of rotational grazing. 
The principal use of DairyMod is to investigate the 
interaction between management inputs and resource 
dynamics (water and nutrients), with a view to iden-
tifying  efﬁcient,  sustainable  management  strategies. 
Users of the model require formal training and the set-
ting up of scenarios for individual farms need detailed 
TABLE 9.   An output table from IFSM providing nutrients 
imports, exports, and losses to the environment 
for a twenty-ﬁve-year analysis of a farm with 100 
cows and eighty-ﬁve young stock on 220 acres of 
land.
  Unit  Mean  SD
Nitrogen imported to farm  lbs/ac  222.1  7.1
Nitrogen exported from farm  lbs/ac  66.9 
Nitrogen available on farm  lbs/ac  329.3  11.5
Nitrogen lost by volatilization  lbs/ac  64.3  2.4
Nitrogen lost by leaching  lbs/ac  30.2   8.4
Nitrogen lost by denitriﬁcation  lbs/ac  19.3  5.5
Average nitrogen concentration   ppm   12.3  5.1 
  in leachate
Crop removal over that available   %  51   4 
  on farm
Phosphorous imported to farm  lbs/ac  14.3  1.8
Phosphorous exported from farm  lbs/ac  11.5  0.7
Phosphorous available on farm  lbs/ac  21.2  0.3
Phosphorous loss through runoff   lbs/ac  1.1  0.0
Soil phosphorous build up  lbs/ac  1.7  2.2
Crop removal over that available   %  87   11 
  on farm
Source: Powell [100].Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
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parameterization.  Hence,  DairyMod  is  principally 
used by Australian research scientists as a tool to com-
pliment experimental programs and explore manage-
ment options and implications. A simpler and more 
userfriendly version of DairyMod is currently being 
developed. 
Nutrient Cycling in Crops, Livestock and the Envi-
ronment. Nutrient Cycling in Crops, Livestock and the 
Environment (N-CyCLE) is a nutrient planning model 
which focuses on within-farm nutrient cycling pro-
cesses and describes N and P ﬂows and balances via 
feed, herd, manure, and ﬁelds [130]. The model aims 
to determine the best combination of crop rotations, 
dairy cow diets, and manure and fertilizer applications, 
with variable objectives that include (1) maximizing 
net income, (2) minimizing whole-farm P balance, or 
(3) minimizing the whole-farm N balance. 
N-CyCLE evolved from a least-cost ration formula-
tion model that predicted the best combination of crops 
to grow on a given land area, and feed to purchase to 
meet the herdsʼ nutritional requirements [132]. Cur-
rently,  N-CyCLE  version  2.5,  aims  to  optimize  a 
whole-farm nutrient balance for N and P in as many 
as ﬁve groups of animals in the herd and ﬁve groups 
of ﬁelds [130]. It also provides an economic evalua-
tion of management practices including those related 
to environmental management, such as the cost/beneﬁt 
of reducing whole-farm N and P surpluses.
N-CyCLE was developed as a research and educa-
tional tool for teachers, researchers, and private con-
sultants. The data input necessary to run the model is 
knowledge intensive and requires information on herd 
description, economic inputs, ration guidelines, feed 
composition, prices and losses, land units and crop 
rotation, and manure nutrient management and fertil-
izers. 
Cornell  University  Nutrient  Management  Plan-
ning  System.  The  Cornell  Nutrient  Management 
Planning System (cuNMPS) is an integrated decision 
support tool developed to merge nutrient use across 
livestock and crop components of a dairy farming sys-
tem. It is composed of two key components: the Cor-
nell Net Carbohydrate and Protein System (CNCPS 
Version 5.0), and Cornell Cropware [57]. Both compo-
nents can also be used as stand-alone tools. 
CNCPS is widely used across the U.S. and else-
where to assist in formulating farm speciﬁc feeding 
programs for beef, dual purpose and dairy cattle based 
on consideration of the existing animals, feeds, man-
agement, and environmental conditions. The focus of 
the CNCPS is to reduce whole-farm N and P surplus 
through precision feeding of the whole-herd and utili-
zation of home-grown feeds [39]. In addition to evalu-
ating and improving rations for each group in the herd, 
the CNCPS is designed to predict whole-herd annual 
feed requirements (both home-grown and purchased), 
nutrient excretion (total and relative proportion from 
home-grown and purchased feeds), milk production 
levels, annual returns and feed costs, and whole-farm 
nutrient balances (Table 10). 
The CNCPS model requires a large amount of input 
data, including individual animal and group param-
eters, feed amounts and analyses, and environmental 
and management conditions. Major regional variables 
that need to be determined are certain feed characteris-
TABLE 10. An output table from the Cornell Nutrient 
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tics such as chemical analysis information. Feed librar-
ies  have  been  developed  to  accommodate  regional 
differences, including data from North America, UK, 
Brazil, Mexico, South Africa, Korea, and Japan. All 
other variables are site speciﬁc and are entered by the 
user to characterize animal types, groups, farm man-
agement,  and  environmental  conditions.  CNCPS  is 
currently being used in forty-two countries, primarily 
by nutritional consultants. The CNCPS model is also 
used as a teaching tool for students and consultants, as 
a research tool for identifying research priorities and 
designing and interpreting experiments. 
Cornell Cropware is a software tool developed to 
help nutrient management planners and farmers make 
more efﬁcient use of manure and fertilizers and also 
take account of a ﬁeldʼs environmental risk. Cropware 
is mostly used in New York State to develop nutrient 
management plans at the whole-farm and individual 
ﬁeld levels, in accordance with the government stan-
dards for nutrient management. 
Cropware integrates (1) nutrient requirements for a 
full range of agronomic and vegetable crops; (2) nutri-
ent credits from many sources, including manure, soil, 
and fertilizer; (3) equations for the conversion of soil 
test values from other laboratories; (4) environmen-
tal risk indices for N and P; and (5) on-farm logistics, 
such as manure production, storage, and inventories, 
into a detailed report for guiding on-farm implementa-
tion. While the concepts of balancing nutrients, apply-
ing nutrients based on crop needs, and assessment of 
risk of N and P losses, are transferable to other regions, 
equations within Cropware are based on New York 
State climate and soil characteristics and research out-
comes. These include crop nutrient guidelines, yield 
potentials,  fertilizer  use  efﬁciencies,  soil  N  credits, 
organic N mineralization, ammonia volatilization rates 
for manure, the P index, and the N leaching index. 
Cropware is also used by educators, researchers, and 
students [57]. 
OVERSEER®. Nutrient balances have been used 
since the early 1990ʼs to aid fertilizer decisions on 
New Zealand pastures [27]. Based on this early work, 
the OVERSEER® nutrient balance model has become 
the main decision support model for nutrient manage-
ment on New Zealand dairy farms [135]. 
OVERSEER® determines whole-farm nutrient bal-
ances for N, P, K, and also S, Ca, Mg, Na, and H (acid-
ity) and also operates as a farm-system balance, as it 
calculates nutrient use efﬁciencies, nutrient redistribu-
tion and losses within the farm. The model utilizes a 
wide range of farm-based information and manage-
ment  options  including  soil  types,  climatic  condi-
tions,  animal  types,  stocking  rates,  supplementary 
feeding inputs and strategies, and fertilizer types and 
rates. Excreted N is estimated from N intake and the 
partitioning of N to milk, urine, and manure. N loss 
through leaching and volatilization is estimated from 
N excreted in urine and dung [68].
The use of OVERSEER® has increased markedly 
in recent years, as a wide range of groups, including 
researchers,  dairy  and  fertilizer  company  advisory 
staff,  and  Regional  Catchment  Councils,  have  pro-
moted the beneﬁts from an environmental and produc-
tion efﬁciency perspective (see [28] for a collection of 
New Zealand case studies). The two largest fertilizer 
companies in New Zealand provide the greatest con-
tact with dairy farmers regarding nutrient management 
planning and have been strongly promoting whole-
farm nutrient balances to dairy farmers, in association 
with soil testing and codes of practice for fertilizer use. 
Fontera Ltd, the major New Zealand dairy company 
which purchases around 95% of all milk produced, has 
committed all the dairy farms that supply milk to have 
undertaken a nutrient balance by 2007 [68]. 
Dairy Nutrient Auditor. The Dairy Nutrient Audi-
tor  is  an Australian  decision  support  tool  designed 
to  improve  P,  K,  and  S  fertilizer  recommendations 
on Australian dairy farms. The Dairy Nutrient Audi-
tor uses inputs such as fertilizer and fodder purchases 
and milk sales to determine a whole-farm and pad-
dock scale nutrient balance for P, K, and S. Within-
farm nutrient transfers are estimated from individual 
paddock  information,  including  pasture  production, 
rotational  grazing,  supplementary  feeding,  fodder 
harvesting  and  feeding,  stocking  rates,  and  manure 
spreading practices. The Dairy Nutrient Auditor inte-
grates within-farm nutrient transfers with soil test lev-
els, soil type information, and soil fertility targets, to 
determine P, K, and S fertilizer requirements for each 
individual paddock or group of paddocks. While the Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
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primary focus of earlier versions of the Dairy Nutrient 
Auditor has been to improve P, K, and S fertilizer deci-
sions, the model is currently being revised to include 
N and better reﬁne and quantify nutrient ﬂows, calcu-
late efﬁciencies, and link to nutrient loss processes and 
pathways. The Dairy Nutrient Auditor is principally 
used by Australian research scientists and extension 
staff as a tool to compliment soil test interpretations 
and fertilizer recommendations.
Field Nutrient Management Tools
Manure Management Planner. The Manure Man-
agement Planner was developed by research and exten-
sion staff from Purdue University to assist in manure 
management planning for animal feeding operations, 
including  poultry,  pigs  and  dairy  [78].  Information 
regarding ﬁelds, crops, manure production and stor-
age, and application equipment is used to assist the 
user to allocate manure (where, when, and how much) 
on a monthly basis for the length of the plan (1–10 
years). MMP also determines if the current operation 
has sufﬁcient cropland area, seasonal land availability, 
manure storage capacity, and application equipment 
to manage the manure in accordance with legislative 
requirements. MMP is useful for identifying changes 
that may be needed for the current operation and if the 
operation expands. MMP can be tailored to different 
manure and fertilizer recommendations, and regulatory 
requirements, and is currently supported in twenty-one 
states in the U.S. 
Spatial Nutrient Management Planner. The Spa-
tial Nutrient Management Planner was developed by 
staff at the University of Missouri to facilitate the col-
lection, analysis, and presentation of spatial informa-
tion related to nutrient management planning [119]. 
SNMP provides a spatial context to manure manage-
ment planning and is integrated with the MMP. The 
key strength of the SNMP is that it can automatically 
gather web-based geographic and climatic informa-
tion such as property boundaries, soil types, topogra-
phy, water-courses, and rainfall records for a particular 
farm and ﬁeld. This information is then utilized in the 
development  and  presentation  of  an  easy  to  follow 
nutrient management plan for farmers. 
Michigan State University Nutrient Management. 
The Michigan State University Nutrient Management 
model assists crop and livestock producers with fer-
tilizer and manure nutrient management and pesticide 
application  record-keeping  [80].  MSUNM  contains 
the  MSU  “Fertilizer  Recommendations”  computer 
program which provides users with the convenience of 
generating their own MSU fertilizer recommendations 
by utilizing information from the university soil test-
ing laboratories. MSUNM also allows the tracking of 
nutrient additions from fertilizer and manure applica-
tions, and can calculate manure application rates for 
ﬁelds. 
Nutrient  Management  Planning  Model.  The 
Nutrient Management Planning model (NMP) from 
the University of Minnesota is designed to assist in 
developing ﬁeld speciﬁc nutrient management plans 
for crop and livestock farms [91]. The tool develops 
a nutrient plan for farms that receive state and federal 
support program funds, and also provides information 
for a manure-nutrient management plan that will meet 
the requirements of current Minnesota feedlot regu-
lations. The NMP model includes a manure and crop 
nutrient calculator, which provides an analysis of the 
crop land area needed for utilizing the nutrients from 
manure applications (required for feedlot permit), and 
generates a manure-source report that gives the annual 
manure  and  nutrient  production  from  the  farmʼs 
manure  storage  systems.  NMP  also  produces  ﬁeld- 
speciﬁc nutrient management plans which recommend 
annual manure and fertilizer applications, based on 
crop nutrient requirements, previous crop history, and 
past management practices.
SNAP-PLUS.  SNAP-PLUS  (Soil  N  and  P)  was 
developed by researchers at the University of Wiscon-
sin as a nutrient management decision support tool for 
cropping systems [26]. SNAP-PLUS is designed to 
assist advisors and farmers to reduce N and P losses 
from farm ﬁelds, by estimating nutrient losses, and 
recommending  improved  management  practices  at 
both the ﬁeld-scale and farm-scale. 
Speciﬁc data requirements include farm location, 
land area, crops grown, fertilizers used and applica-
tion methods, soil test data, livestock types, manure Babcock Institute Discussion Paper No. 2007-4  29
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(source,  percent  collected,  analysis  and  volumes), 
yield goals, soil tillage, and legume and manure cred-
its. Output information includes soil loss estimates for 
each crop rotation and ﬁeld, P loss estimates for each 
ﬁeld by year and rotation, and whole-farm P and K 
balancing for each ﬁeld by year and rotation; a ﬁeld 
by  ﬁeld  and  whole-farm  P-based  nutrient  manage-
ment plan, and economic implications of current and 
proposed practices. SNAP-PLUS also includes sug-
gestions of appropriate management practices from a 
range of options to decrease cost and/or environmental 
risks. 
The  intended  users  of  SNAP-PLUS  are  farmers, 
federal and state natural resource managers, extension 
staff, consultants, teachers, and students. SNAP-PLUS 
uses data and research results speciﬁc to Wisconsin 
cropping systems and soil test recommendations for 
ﬁeld and vegetable crops. The use of SNAP-PLUS 
enables crop and livestock producers in Wisconsin to 
meet the Natural Resources and Conservation Service 
(NRCS)  Wisconsin  590  nutrient  management  stan-
dard, Conﬁned Animal Feeding Operations (CAFO) 
regulations, soil conservation plans, manure manage-
ment plans, and approved record-keeping. 
Farm  Nutrient  Loss  Index.  The  Farm  Nutrient 
Loss Index (FNLI) is an Australian decision support 
tool developed to aid grazing farmers and advisors 
assess the spatial and temporal risks of N and P losses 
to surface waters, groundwater, and the atmosphere 
[76]. The FNLI identiﬁes the risk of N and P loss from 
individual paddocks via four nutrient loss pathways: 
runoff across the soil surface, drainage past the root 
zone, lateral ﬂow within the root-zone of the soil pro-
ﬁle, and emission of ammonia and nitrous oxide. For 
each paddock assessed, the FNLI identiﬁes factors that 
pose a signiﬁcant risk of nutrient loss and calculates 
a risk rating (low, medium, high or very high) for N 
and P, for each loss pathway. The FNLI is not designed 
to estimate actual loads or concentrations of nutrients 
lost from ﬁelds although the tool has been validated 
against  measured  nutrient  loss  data  from  seventeen 
ﬁeld experiments across Australia.
High or very high risk ratings indicate that aspects 
of the grazing system may need to be modiﬁed to mini-
mize potential nutrient loss. Where a high or very high 
risk rating is indicated, the main contributing factors 
are listed. These factors are either intrinsic features of 
the landscape, such as surplus water and soil type, or 
imposed by management, such as stocking rate. Alter-
native management practices can be tested to check 
strategies aimed at lowering the risk of nutrient loss. 
A summary of the risk results for each paddock can be 
saved and printed for future reference (Table 11). 
In addition to its use by farmers and advisors, the 
FNLI is currently used as a training tool for fertilizer 
advisors and agronomists in the Australian Fertcare® 
accreditation program. A manual that provides infor-
mation about the FNLI software, how the FNLI calcu-
lates risks, and the scientiﬁc principles of nutrient loss 
that underpin the index, is also available to the user. 
TABLE 11.   An example of a Farm Nutrient Loss Index 
paddock report, indicating the loss pathways, 
risk ratings and the factors contributing to high 
or very high risk outcomes.Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
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SUGGESTED IMPROVEMENTS TO NUTRIENT MANAGEMENT TOOLS
While much has been learned from existing nutri-
ent management approaches and tools, there is also 
scope  for  improvement.  Nutrient  management  tools 
that assess the basic inputs and outputs of nutrients on 
dairy farms, should also address the key internal issues 
of feed nutrient use, manure collection and storage, 
nutrient applications to soil, crop, and pasture uptake 
of  applied  nutrients,  and  soil  nutrient  accumulation 
and environmental losses. Such assessments and tool 
development are particularly needed for grazing-based 
operations, where this information is often lacking. 
Nutrient  management  tool  development  would 
beneﬁt  from  greater  standardization  of  approaches 
and  methods  used  for  quantifying  data  inputs,  and 
the assumptions and calculations used to determine 
outputs. The interpretation of generated outputs from 
nutrient management tools should be based on real-
istic farm performance measures and the associated 
uncertainties of model estimates. The farm ﬁnancial 
and  labor  costs  and  returns  for  improving  nutrient 
use efﬁciencies should be assessed and presented. It 
would also be useful to better demonstrate the linkage 
between improved on-farm nutrient management and 
environmental  performance. A  number  of  currently 
available nutrient management tools already address 
some  of  these  issues.  The  following  recommenda-
tions aim to assist in guiding the further development 
and reﬁnement of nutrient management tools for dairy 
farms.
Greater Uniformity of Included  
Nutrient Sources
The accuracy and precision of any nutrient manage-
ment tool depends on the approach adopted and the 
conﬁdence in the available data. Despite the similar 
inputs, outputs, and transformations of nutrients for 
most dairy operations in the industrialized world, there 
are many modiﬁcations, assumptions, exclusions, and 
inclusions, associated with individual nutrient manage-
ment tools. There may also be a considerable amount 
of uncertainty associated with the integration of farm 
information, which may lead to inappropriate estimates 
and recommendations.
While nutrient balances for dairy operations almost 
always include inputs such as feed and fertilizer, other 
nutrient sources such as bedding, N ﬁxation, atmo-
spheric deposition, and irrigation may not be included 
[93]. These exclusions are often justiﬁed when they are 
not relevant to the farm operations, for example where 
no irrigation is used or where there are no legumes 
grown, while others may rely on the assumption of 
steady state conditions, such is the case with animal 
numbers and mass. Sometimes, the exclusion of partic-
ular components may be justiﬁed on the basis that they 
only make minor contributions (for example, bedding, 
atmospheric deposition, and N ﬁxation). However, if 
these assumptions are incorrect, it can lead to incor-
rect  estimates  of  nutrient  balances  and  efﬁciencies. 
Moreover, excluding components can result in nutri-
ent management tools which are less standardized and 
applicable across a variety of dairy operations.
Similarly, there are numerous variations in the large 
number of nutrient loss indices which have been devel-
oped, particularly in the U.S. While transport, source, 
and watershed factors remain at the core of almost all 
P indexes, there are differences in which factors are 
included, and how they are used and modiﬁed [111]. 
For example, some indices adjust the importance of 
soil P test levels with additional soil information such 
as reactive aluminium, P absorption capacity, pH, or 
soil texture, while others do not. There are also a num-
ber of different approaches used to estimate erosion 
and surface runoff. 
There are continued calls for greater consistency 
and  standardized  approaches  to  improve  the  conﬁ-
dence and applicability of nutrient management tools 
[41, 50, 93, 94, 122]. Greater uniformity in nutrient 
management tools will improve the quality, transpar-
ency, applicability, and interpretation of outputs and 
recommendations. This is particularly important from 
a policy perspective.
Uncertainties of Farm-Based Data
The data inputs and outputs for all nutrient manage-
ment tools have a degree of uncertainty due to biases 
and errors. For example, the use of book values for Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
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nutrient concentrations in feed may not represent the 
actual  nutrient  concentrations,  while  analyzed  sub-
samples of feed may have analytical biases and sam-
pling  errors.  Studies  involving  nutrient  accounting 
rarely present information about the uncertainty of the 
outputs presented. 
The key data required for almost all nutrient man-
agement tools include mass/volume and nutrient con-
centration of the various nutrient sources and products. 
This is usually determined by a combination of farmer 
survey, to determine the type and amount of nutrient 
sources (i.e. feed purchased, fed or sold, milk pro-
duction, fertilizer purchased, animal and crop/fodder 
sold), and “book” values of nutrient concentrations. 
This has the advantages of being efﬁcient and using 
standardized nutrient concentration values, however 
there is rarely any validation of the data collected. 
Developers  of  nutrient  management  tools  should 
have realistic expectations about gathering data, keep-
ing in mind their key user groups. For farmers and 
advisors this means that nutrient management tools 
should continue to focus on reliable and easy to collect 
data. The development of standardized on-farm record 
keeping systems that enable farmers and advisors to 
record relevant information at a time and place that 
suits their needs is likely to make data collection more 
efﬁcient and accurate.
In the few studies where there has been validation 
of information provided by farmers, farmer derived 
information  is  generally  shown  to  be  reliable.  In  a 
study in Wisconsin involving 33 conﬁnement dairy 
farms, feed and milk production data and information 
on manure land spreading practices provided by farm-
ers was found to be consistent with established feed–
milk–manure production relationships [98]. Another 
study to determine appropriate data collection meth-
ods for nutrient balances in Belgium found that on-
farm surveys provided reliable assessments of mass 
of feed, and volumes of milk, but in contrast to other 
studies,  concluded  that  information  gathered  about 
volumes of manure was not always reliable [81, 98]. 
These studies provide greater levels of conﬁdence in 
survey type assessments of on-farm nutrient manage-
ment, but more work is required to determine accurate 
and rapid survey instruments to assess nutrient man-
agement practices and efﬁciencies.
There are often good reasons to use book values or 
established algorithms to estimate nutrient concentra-
tions, conversions, loading or loss rates. This is appro-
priate where data is hard to directly measure, or where 
the contribution is likely to be small relative to other 
components. However, the use of local reference data 
is recommended, as regional differences in these indi-
rect inputs can be substantial [105]. Additionally, book 
values are appropriate where there is little variation in 
concentrations in components, or where there is a high 
level  of  conﬁdence  in  the  provided  concentrations 
(such as in most commercial inorganic fertilizers). It is 
generally accepted that book values provide a reliable 
assessment of nutrient concentrations in livestock body 
mass and milk P [92, 81, 131]. Book values are also 
commonly used for nutrient concentrations in grains 
and forages, but these can vary substantially and can 
have a substantial impact on the resultant nutrient bal-
ance and efﬁciency outcomes [92]. 
Nitrogen  ﬁxation  by  legumes  may  be  an  impor-
tant N input in both grazing-based and conﬁnement-
based dairy operations. In grazing systems, N inputs 
from legume N ﬁxation can vary between 10 and 270 
kg N/ha/year but is typically between 80 and 100 kg 
N/ha/year [69]. It has been suggested that N ﬁxation 
by other forage legumes grown in monoculture may 
be much greater (100–200 kg N/ha/year) [105]. How-
ever, key limitations to N ﬁxation include the amount 
and type of legumes present, soil moisture deﬁcits, soil 
acidity, grazing pressure and N fertilizer applications 
and hence the contribution from N ﬁxation may range 
between 0 and 300 kg N/ha/year, and may even be 
negative, depending on the harvest index of the crop, 
harvest frequency, existing soil N levels and climatic 
and management factors [69].
Determining  the  amount  of  N  ﬁxed  by  legumes 
is a difﬁcult input to directly measure due to spatial 
and temporal variability and complex analytical tech-
niques. Consequently, speciﬁc values or ranges of N 
ﬁxation may be assumed or predicted using established 
algorithms and incorporated into nutrient management 
tools [64, 69, 81, 104, 105]. Wattiaux highlighted the 
importance of N ﬁxation as a key input of N for con-
ﬁnement dairy operations in Wisconsin, but also dem-
onstrated that by using different nutrient balance tools 
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from N ﬁxation were estimated at either 24 or 44% of 
the total N inputs [130].
It is important to reduce the potential uncertainties 
in data but it is also important to present uncertain-
ties as part of the outputs from nutrient management 
tools. Oenema suggested four steps in dealing with the 
uncertainties of nutrient balances [94]:
1. Determine whether all relevant pools, inputs, 
and outputs have been identiﬁed.
2. Rank nutrient sources in terms of the estimated 
uncertainty.
3. Determine the actual degree of uncertainty for 
the various sources, i.e. mean and standard 
deviation.
4. Calculate the overall uncertainty for the nutrient 
balance. Analysis of uncertainties will also 
help identify where further research efforts are 
required.
Nutrient Eﬃciency Assessment in Grazing 
Operations 
In  conﬁnement-based  dairy  operations,  farmers 
generally  have  control  of  cow  diets,  which  in  turn 
inﬂuences the quantity and nutrient concentration of 
manure. Manure capture, storage, and land applica-
tion is more controlled in conﬁnement than in grazing 
dairy systems.
In  grazing-based  dairy  operations,  farmers  gen-
erally  have  less  control  of  diets,  with  feed  quality 
and  nutrient  content  varying  throughout  the  year, 
and  manure  being  predominately  deposited  directly 
by  animals  in  the  landscape.  Moreover,  nutri-
ent  management  has  received  greater  attention  in   
conﬁnement-based dairy operations from researchers, 
advisors, and farmers, and more is known about nutri-
ent ﬂuxes and efﬁciencies in these systems.
Despite the wide-spread belief that grazing-based 
systems are more environmentally benign than con-
ﬁnement-based systems, farm-scale nutrient surpluses, 
and  uneven  nutrient  distribution  and  accumulation 
within parts of the farm may pose signiﬁcant environ-
mental challenges. There is clearly a need to improve 
our understanding of nutrient ﬂuxes, distribution and 
use efﬁciencies within grazing-based dairy operations 
so that improved farm management strategies can be 
developed. Speciﬁcally, this includes determining the 
inﬂuence of farm characteristics, such as stocking rate 
and levels of imported feed and fertilizer inputs on 
whole-farm N and P surplus. Additionally, within-farm 
nutrient efﬁciencies for grazing-based dairy operations 
need to be better understood and quantiﬁed. For exam-
ple, little is known about feed nutrient use efﬁciencies 
in grazing-based dairy operations. Similarly, manure 
distribution and nutrient loads in pasture and non-pro-
ductive areas need to be better quantiﬁed and assessed 
in terms of the potential for nutrient loss. 
Interpreting Nutrient Balances and Eﬃciencies
The interpretation of nutrient balance and within-
farm nutrient use efﬁciencies needs to be done in the 
context of the farming operation and speciﬁc environ-
mental conditions in which it operates. This bench-
marking data is often scarce. For example, a high P 
surplus on a dairy farm with strong P ﬁxing soils and 
low soil P status may result in a considerably lower 
risk of P loss than a much lower P surplus on a dairy 
farm with weak P ﬁxing soils and a high soil P status. 
Moreover, a whole-farm N surplus of 160 kg/ha on a 
dairy farm may appear high, but knowledge that the 
minimum surplus achievable on similar soils is 140 kg 
N/ha and that 50% of farms in the region have a N sur-
plus of >220 kg/ha changes the interpretation of this 
result considerably.
Rather than the unstated inference of achieving 100% 
nutrient efﬁciencies or “no net surplus,” the “potential” 
nutrient  management  standards  for  the  whole  farm, 
or nutrient management components within the farm 
(i.e. feed and pasture/crop nutrient and use efﬁciency, 
manure collection) are an important assessment crite-
ria. These standards may be determined from politi-
cally set targets, modeled expectations, and detailed 
experimental work under controlled conditions. The 
goal or standard should more realistically be deﬁned 
by “best practice” from a larger data set of farms with 
similar characteristics, which help to deﬁne the biolog-
ically achievable potential. 
It is suggested that farm nutrient balance and efﬁ-
ciency information should be presented as the “actual” 
performance  versus  the  “potential”  performance,  so Nutrient Management Approaches and Tools for Dairy Farms in Australia and the U.S.
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that  the  information  generated  can  be  interpreted 
effectively and appropriately. With this information, 
farmers  and  advisors  should  be  able  to  benchmark 
particular nutrient balance and efﬁciency information 
against a representative sample of similar farms. A 
better understanding of potential nutrient efﬁciencies 
would also better inform appropriate policy standards.
Linking Nutrient Use Eﬃciencies with  
Farm Proﬁtability
It  is  generally  recognized  that  information  from 
nutrient  management  tools  can  assist  farmers  and 
advisors to target key management practices, improve 
nutrient  efﬁciencies,  and  reduce  nutrient  surpluses. 
However, the use of nutrient management tools also 
requires necessary input data, which usually requires 
additional labor and operating costs. Changing on-farm 
nutrient management practices may also have associ-
ated labor requirements and costs and can impact farm 
proﬁtability, either positively or negatively.
Farm-based  data  is  generally  available  for  many 
key nutrient sources, although not necessarily in the 
format or time scale required. Most farmers generally 
keep records of farm inputs and production outputs 
(i.e. fertilizer and feed purchases, milk and animals 
sold). Analysis of feed samples is common in conﬁne-
ment-based dairy operations, but rarely undertaken in 
grazing-based dairy operations due to perceived dif-
ﬁculties in collecting representative pasture samples 
and manipulating nutrient content. Manure sampling 
and analysis are also not generally undertaken in either 
grazing or conﬁnement systems. Broad scale soil test-
ing  of  individual  ﬁelds/paddocks  is  also  not  wide-
spread in grazing-based systems and is often seen as 
an unnecessary cost, despite the fact that the targeting 
of  fertilizer  and  manure  applications  to  meet  agro-
nomic nutrient requirements can signiﬁcantly reduce 
fertilizer costs and increase crop/pasture productivity. 
While solutions to nutrient excess and inefﬁciencies 
may present signiﬁcant opportunities to reduce costs 
and increase proﬁts, they may also increase costs and 
decrease proﬁts. For example, while the reduction of 
mineral P supplements in mixed rations is likely to 
reduce feed costs, reducing dietary P by selecting low 
P protein supplements may increase costs [108]. Like-
wise, the requirement of hauling manure to more dis-
tant ﬁelds, particularly slurry, is likely to signiﬁcantly 
increase both labor and fuel costs. In grazing-based 
systems, this may require the purchase of expensive 
pumps and irrigation equipment, far out-weighing any 
productivity gains that may come from recycling nutri-
ents from collected manure.
Nutrient management tools that present information 
about the relative costs and beneﬁts associated with 
improved  nutrient  management  practices  are  more 
likely to assist farmers and advisors to make informed 
management decisions and seek support in addressing 
nutrient use inefﬁciencies.
Linking On-Farm Improvements to  
Reduced Nutrient Loss
Nutrient surpluses at a ﬁeld level, and subsequent 
accumulation and losses to the broader environment, 
are  often  complex  and  highly  variable  throughout 
space and time. For example, excess P may be retained 
by soil and only slowly released through diffuse sur-
face runoff processes, or alternatively lost in signiﬁcant 
amounts  during  episodic  erosion  events.  Phospho-
rus movement from a farm may also be retained in 
sediment in streams and water storages, and only be 
released in sufﬁcient quantities to cause water quality 
impairment under speciﬁc environmental conditions. 
There is ample evidence that nutrient management 
tools have improved farmer knowledge about nutrient 
ﬂows and potential losses from their farms, and can 
signiﬁcantly inﬂuence fertilizer and manure manage-
ment decisions. However, there are few studies which 
have demonstrated improved water or air quality as 
a  result  of  on-farm  improvements  in  nutrient  man-
agement  practices  [50,  111].  Work  in  The  Nether-
lands using MINAS to guide nutrient applications on 
the De Marke research farm and sixteen dairy farms 
involved in the “cows and opportunities” project found 
reduced N and P contributions to groundwater [95]. 
At the catchment-scale, correlations have been found 
between farm-scale P surplus and catchment loads of 
P in northeastern U.S. and southwest Western Austra-
lia [21, 133]. More deﬁnitive evidence linking nutrient 
management improvements on farms with improved 
environmental  outcomes  would  encourage  greater 
adoption and use for nutrient management tools. Babcock Institute Discussion Paper No. 2007-4  35
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